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- FOREWORD  - 


This  report  was  prepared  by  the  staff  of  the  Fluid  Power  Research  Center  of  the  School 
of  Mechanical  & Aerospace  Engineering,  Oklahoma  State  University  of  Agriculture  and  Applied 
Sciences.  The  study  was  initiated  by  the  Mobility  Equipment  Research  and  Development 
Command,  Fort  Belvoir,  Virginia.  Authorization  for  the  study  reported  herein  was  granted 
under  Contract  No.  DAAK02-75-C-0137.  The  time  period  covered  by  this  report  is  from 
1 February  1975  to  -3-1  January  1976.  ' v 

The  Contracting  Officer’s  Representative  was  Mr.  Hansel  Y.  Smith,  and  Mr.  John  M. 
Karhnak  served  as  the  Contracting  Officer’s  Technical  Representative.  In  addition,  Mr.  Paul 
Hopler  has  effectively  represented  the  Contracting  Officer  both  technically  and  administratively 
through  various  phases  of  this  contract.  The  active  participation  of  Messrs.  Smith,  Karhnak, 

and  Hopler  during  critical  phases  of  work  contributed  significantly  to  the  overall  success  of  the 
program. 

The  studies  represented  by  this  report  were  conducted  under  the  general  guidance  of 
Dr.  E.  C.  Fitch,  Program  Director.  The  details  of  each  study  are  presented  in  a self-contained 
section  of  this  report.  The  titles  of  the  various  sections  together  with  their  respective  Project 
Managers  are  listed  below: 
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PROJECT  STAFF 


S.K.R.  Iyengar,  Project  Manager 
R.  F.  Sharp,  Project  Engineer 
R.  R.  West,  Project  Associate 


FOREWORD 


This  section  presents  a detailed  account  of  the  project  activities  in  the  area  of  cylinder 
dynamic  strength  evaluation.  The  relation  of  fatigue  tests  on  material  specimens  to  fatigue 
failure  of  hydraulic  components  such  as  cylinders  is  explicated,  with  particular  reference  to 
the  two  types  of  tests  which  are  used  for  cylinder  evaluation.  Dynamic  models  for  stress  calcu- 
lations are  presented  to  show  the  effect  of  test  system  parameters.  Experimental  data  are 
presented  to  show  correlation  between  pressure  and  strain  rise  rates. 
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CHAPTER  I 
INTRODUCTION 


The  reliability  of  hydraulic  components  can  be  appreciably  enhanced  by  insuring  that 
rational  test  procedures  are  used  to  evaluate  the  components  before  they  are  used  for  a specific 
application.  From  the  outset  of  the  association  between  the  U.S.  Army  Mobility  Equipment 
Research  and  Development  Center  and  the  Fluid  Power  Research  Center  of  Oklahoma  State 
University,  the  underlying  objectives  of  all  efforts  undertaken  have  been  directed  towards 
developing  and  appraising  test  methods  and  procurement  specifications  so  that  they  are  consist- 
ent with  the  latest  technological  developments. 


As  part  of  this  overall  effort,  the  Fluid  Power  Research  Center  undertook  to  scrutinize 
current  test  procedures  for  structural  integrity  assessment  of  mobile  hydraulic  cylinders  (i.e., 
non-tie  rod  types)  under  dynamic  loading.  Currently,  there  are  two  methods  of  performing 
such  tests  - first  by  stroking  the  rod  back  and  forth  and  using  a slave  cylinder  to  impose  the 
required  load  on  the  test  cylinder  and,  second,  by  mechanically  positioning  the  rod  at  a pre- 
scribed extension  and  alternately  pressurizing  opposite  sides  of  the  cylinder.  These  two  methods 
are  sometimes  referred  to  as  the  “stroking"  and  “impulse"  methods,  respectively.  Even  though 
it  is  recognized  that  the  stroking  method  is  more  realistic  of  actual  cylinder  applications,  the 
impulse  test  is  more  attractive  for  product  qualification  and  quality  control,  since  for  a given 
number  of  cycles  it  can  generally  be  performed  much  faster.  The  question  naturally  arises  as 
to  whether  the  stroking  test  can  be  supplanted  altogether.  Another  related  question  is  whether 
the  cycles  to  failure  of  the  two  tests  are  at  all  comparable.  The  answering  of  these  questions 
requires  first  an  appraisal  for  the  failure  criteria,  second  a dynamic  analysis  of  the  component 
stresses  in  the  two  test  configurations,  and  third  a study  of  the  influence  of  test  parameters  on 
test  results.  It  is  appropriate  to  consider  each  of  these  aspects. 
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Hydraulic  cylinders  arc  heterogeneous  components,  since  generally  they  use  different 
materials  for  the  cylinder  body,  end  caps,  piston  rod,  piston,  seals,  etc.  Some  of  these  materials 
are  subject  to  gradual  degradation  which  is  reflected  in  cylinder  performance  (e.g.,  seal  leakage 
is  evidenced  by  cylinder  drift  or  inability  to  hold  loads).  Other  materials  fail  due  to  cyclic 
stressing  in  an  essentially  random  manner.  The  failure  of  cylinder  walls,  rod  eyes,  pins,  and 
most  other  metallic  parts  are  examples  of  such  failure,  known  in  common  engineering  termin- 
ology as  fatigue.  It  needs  to  be  emphasized  that  because  failure  is  random  it  does  not  imply  that 
the  part  is  as  likely  to  fail  after  10  cycles  as  after  105  cycles.  It  does  imply,  however,  that  prob- 
abilistic descriptions  are  needed  to  describe  the  failure  (e.g.,  99%  confident  that  failure  will  not 
occur  below  105  cycles).  Fatigue  failure  in  metals  has  been  the  subject  of  extensive  studies, 
mostly  empirical,  for  the  last  six  decades.  Chapter  II  presents  a brief  review  of  notable  accom- 
plishments and  how  they  influence  hydraulic  component  evaluation. 

The  second  influential  aspect  noted  earlier  is  that  of  dynamic  stress  analysis  for  the  two 
test  configurations  — namely  stroking  and  impulse  tests.  Since  stresses  are  necessarily  depend- 
ent on  forces  on  various  parts  of  the  test  cylinder,  a dynamic  mathematical  model  of  each  test 
configuration  has  to  be  developed  as  a prerequisite  for  any  dynamic  stress  analysis.  Fatigue 
failure  is  always  related  to  local  stresses  and  strains;  but,  in  testing  components,  direct  measure- 
ment of  such  stresses  or  strains  is  often  impracticable.  In  hydraulic  cylinders,  the  stresses  are 
related  to  pressures  and  loads  which  are  more  easily  measured.  Chapter  III  shows  how  significant 
variables  (pressures,  flow  rates,  and  principal  stresses)  change  during  both  stroking  and  impulse 
tests. 


Test  system  parameters  can  have  significant  influence  on  the  pressure  wave  forms  to  which 
the  test  cylinders  are  subjected.  The  condition  of  the  test  cylinder  (especially  leakage  and  drag 
characteristics),  the  stiffness  of  the  test  frame,  and  the  inertia  of  the  moving  parts  are  examples 
of  test  parameters  which  need  to  be  controlled  in  order  to  have  uniform  testing.  The  influence 
of  many  of  these  parameters  can  be  assessed  before  testing  is  commenced.  Chapter  IV  shows 
how  stress  rise  rates  may  be  calculated  from  a knowledge  of  test  system  parameters,  while  Chapter 
V presents  simulation  results  for  a variety  of  test  conditions. 
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When  using  the  stroking  and  impulse  tests  for  product  qualification,  it  is  desirable  to  keep 
the  experimental  procedure  as  simple  as  possible.  Since  pressure  measurement  is  generally 
straightforward  as  compared  to  strain  measurement,  it  is  useful  to  establish  the  correlation 
between  the  two  so  that  each  test  cylinder  need  not  be  instrumented  for  strain  measurement. 
With  this  objective,  a series  of  dynamic  loading  tests  were  performed  to  measure  pressure  and 
cylinder  strain  levels  simultaneously.  Chapter  VI  presents  the  results  of  these  tests. 

A review  of  pertinent  paragraphs  of  the  draft  military  specification  for  appraising  mobile 
hydraulic  cylinders  is  presented  in  Chapter  VII.  The  paragraphs  under  review  are  included  as 
Appendix  A,  while  a list  of  test  reports  used  for  extracting  historical  test  information  on  strok- 
ing and  impulse  tests  is  given  in  Appendix  B. 
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mechanism  of  fatigue,  properties  of  materials,  and  principles  of  fatigue-resistant  design.  Fatigue 
evaluation  is  still  very  much  an  empirical  science  (i.e.,  it  is  not  possible  to  estimate  with  any 
degree  of  accuracy  the  fatigue  life  of  a component  like  a hydraulic  pump  or  cylinder  merely  by 
a scrutiny  of  the  drawing,  knowledge  of  material  properties,  and  possibly  knowledge  of  the 
operational  duty  cycle).  Consequently,  the  conduction  and  interpretation  of  tests  form  an 
important  part  of  fatigue  evaluation. 

Fatigue  is  an  intrinsically  stochastic  phenomenon  (i.e.,  there  will  always  be  a degree  of 
variability  in  test  data,  even  for  the  best  of  experiments).  The  interpretation  of  such  data  can 
only  be  done  in  probabilistic  terminology,  which  though  intuitively  understood  by  many  users 
can  be  the  source  of  serious  misunderstandings.  In  particular,  the  misuse  of  statistical  formulae 
can  lead  to  untenable  conclusions  and  should  be  scrupulously  guarded  against. 

Since  fatigue  analysis  is  still  an  empirical  science,  mathematical  models  used  to  describe 
fatigue  phenomena  are  based  almost  entirely  on  experimental  data.  Expediency  has  often 
dictated  the  use  of  experimental  setups  used  to  obtain  the  data.  Consequently,  in  using  any 
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formula  based  on  such  data,  every  effort  should  be  made  to  insure  that  it  is  valid  for  the 
intended  application.  Such  a critical  assessment  is  needed  even  of  such  “universally”  accepted 
items  as  S-N  diagrams,  Goodman  charts,  and  Miner’s  rule. 


An  important  point  to  note  is  that  these  design  aids  are  primarily  meant  to  guide  material 
selection.  They  cannot  be  expected  to  be  used  to  predict  the  fatigue  life  of  components  for 
the  following  reasons: 

1.  The  S-N  diagrams  and  similar  charts  are  almost  always  developed  for  materials  in  the 
form  of  test  specimens.  It  is  difficult,  if  not  impossible,  to  relate  the  nominal  stress 
levels  used  for  such  tests  to  gross  loads  or  pressures  in  components. 


2.  Components  are  generally  heterogeneous  and  often  built  up  of  parts  bolted  or 

fastened  together.  Even  if  the  connections  are  nominally  rigid,  there  will  be  some 
relative  motion  and  this  can  substantially  change  the  stress  cycles  perceived  by  each 
element.  Consequently,  failure  may  occur  in  different  elements,  and  the  combined 
effect  may  bear  little  relation  to  coupon  tests. 


3.  Stress  concentration  effects  in  components  are  very  difficult  to  isolate  and  analyze. 
Formulae  for  compensating  for  such  effects  are  empirical  and  rely  heavily  on  standard 
tests  using  specified  configurations. 


Before  discussing  component  testing,  it  is  useful  to  briefly  review  the  coupon  tests  which 
have  been  and  are  being  widely  used  to  acquire  fatigue  data. 


COUPON  TESTING 

Ever  since  Wohler  performed  his  pioneering  experiments  about  100  years  ago,  engineers 
and  scientists  have  been  building  and  using  fatigue  testing  machines.  The  rotary  bending 
machines  were  the  first  to  be  widely  used,  since  it  was  easy  to  subject  specimens  to  a large  num- 
ber of  stress  reversals  in  a very  short  time.  Wohler  showed  that  (for  the  testing  conditions  he 
used)  it  is  the  number  of  stress  cycles  rather  than  the  elapsed  time  of  testing  that  is  important 


| Ref.  1 | . Since  then,  it  has  been  the  unquestioning  practice  of  researchers  to  report  their 
results  in  the  form  of  S-N  (stress  versus  number  of  cycles)  diagrams.  Only  recently,  with  the 
spotlight  on  low  cycle  fatigue  and  plastic  deformation,  have  other  methods  of  data  presenta- 
tion been  even  considered  [Ref.  2).  Since  the  rotary  bending  fatigue  tester  is  the  most  common- 
ly used  machine,  it  is  instructive  to  review  its  mechanism  so  as  to  better  understand  the  signifi- 
cance of  test  results.  Fig.  2-1  shows  a schematic  arrangement  of  the  beam  type  rotary  bending 
fatigue  tester. 
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Fig.  2-1.  Schematic  Arrangement  of  Rotary  Fatigue  Testing  Machine. 


If  the  loading  is  symmetrical, 
the  test  section  is  subjected  to  pure 
bending;  and,  as  the  beam  is  rotated, 
portions  of  the  test  sections  are 
alternately  subjected  to  tensile  and 
compressive  stresses  in  one  rotation. 
The  test  section  is  almost  always 


round;  consequently,  the  material  is  subjected  to  a sinusoidal  stress  cycle  if  the  motor  is  driven 
at  a uniform  speed.  Consequently,  these  machines  (without  elaborate  modifications)  can  be 
used  only  for:  (a)  complete  reverse  bending,  (b)  symmetrical  stress,  and  (c)  periodic/cyclic 
loading  (i.e.,  not  stochastic). 


It  is  also  of  interest  to  note  that  the  stress  distribution  in  the  specimen  is  non-uniform, 
the  material  nearer  to  the  axis  being  subjected  to  lesser  stress  than  the  surface  material.  Results 
front  fatigue  tests  using  the  above  machine  should  always  be  interpreted  keeping  the  above  points 
in  mind. 


Testing  machines  which  use  pure  bending,  axial  stressing,  torsion,  and  various  combinations 
thereof  have  been  evolved.  The  number  of  cycles  for  a given  nominal  stress  exhibits  significant 
differences  between  the  machines  [Ref.  1 ].  Since  fatigue  failure  is  one  of  crack  generation, 
and  growth  and  this  in  turn  depends  upon  the  stress  distribution  at  the  cross-section  in  question, 
such  differences  are  not  unexpected. 
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Specific  mention  must  be  made  of  low  cycle  fatigue  testing  machines.  These  were  designed 
specifically  to  evaluate  the  fatigue  strength  for  fairly  short  lives  - Coffin  defines  it  as  50,000 
cycles  [ Ref.  2 ] . Such  machines  usually  impose  a predetermined  strain  cycle  rather  than  a stress 
cycle.  In  view  of  the  need  for  a feedback  mechanism  to  control  the  loading,  the  cycling  rate  is 
usually  500  cycles/minute  or  less.  Plastic  strain  is  an  extremely  important  factor  in  low  cycle 
fatigue;  and  hysteresis  loops  of  cyclic  stress  versus  cyclic  strain  are  often  plotted  to  see  if  the 
material  hardens,  softens,  or  creeps. 

A few  remarks  about  the  S-N  curve  are  also  in  order.  First,  the  quantity  plotted  on  the 
ordinate  is  normally  the  peak  alternating  stress,  even  though  it  is  the  independent  variable  for 
the  tests.  Second,  the  stresses  depicted  are  usually  nominal  stresses  calculated  from  elastic 
strain  theory.  Third,  the  test  specimen  is  considered  to  have  been  subjected  to  predetermined 
cyclic  stress,  or  more  strictly  speaking  loading,  of  the  same  amplitude  for  the  entire  duration 
of  the  test.  (These  remarks  refer  to  conventional  or  high  cycle  testing  only.  Presentation  of 
data  on  low  cycle  testing  is  more  varied  and  usually  much  more  complete.) 

The  main  purpose  of  fatigue  testing  on  standardized  coupons  is  to  obtain  data  which  can 
be  used  as  a guide  for  predicting  the  behavior  of  materials  in  service  [ Ref.  3 ] . Since,  in  many 
instances,  the  stress  cycle  on  a component  or  a part  of  it  may  not  even  approximate  the  stress 
cycle  used  in  generating  the  test  data,  it  is  obvious  that  life  prediction  based  on  the  S-N  curve 
alone  is  risky  at  best. 

The  rationale  for  fatigue  testing  on  standardized  specimens  includes: 

I . Reduction  in  the  number  of  uncontrollable  variables  and  their  influence,  so  that 
a better  understanding  of  the  basic  mechanism  may  be  obtained. 


Examination  of  the  influence  of  various  factors  (e.g.,  heat  treatment,  stress 
concentration,  mean  stress  levels,  etc.)  in  isolation  and  in  combination. 


2. 


- 


3.  Establishment  of  the  statistical  characteristics  of  fatigue  data.  (It.  is  much  harder  to 
obtain  equally  voluminous  data  on  specific  machines  and  components.) 


Perhaps  the  first  use  of  S-N  diagrams  was  to  establish  the  fatigue  limit  - the  stress  below 
which  a specimen  of  the  material  has  an  infinite  life.  Since  it  is  impossible  to  test  a specimen 
beyond,  say,  1010  cycles,  the  fatigue  limit  is  now  defined  as  “the  limiting  value  of  the  median 
fatigue  strength  as  N (number  of  cycles ) becomes  very  large"  [Ref.  4] . Designers  were  then 
instructed  to  keep  loads  within  fatigue  limits  to  avoid  fatigue  failure.  It  was  discovered  that 
many  materials,  notably  nonferrous  alloys,  do  not  display  a well-defined  fatigue  limit,  and  the 
concept  of  designing  for  finite  fatigue  life  is  now  replacing  the  earlier  criterion.  If  actual 
loading  were  periodic  and  of  the  same  peak  magnitude  for  all  cycles,  the  estimation  of  fatigue 
life  for  a given  stress  level  would  be  a trivial  operation  using  the  S-N  curve.  Consider  now  the 
simplest  deviation  that  can  be  met  in  practice  - a shift  of  the  mean  stress  level.  The  effect  of 
a non-zero  mean  stress  is  to  decrease  or  increase  the  allowable  alternating  stress,  depending  on 
its  sign.  Plots  of  alternating  stress  vs.  mean  stress  or  maximum  vs.  minimum  stress,  with  cycle 
life  as  the  parameter,  are  commonly  used  to  present  such  data  [Refs.  1 and  3] . The  use  of 
such  diagrams  is  generally  straightforward  if  stochastic  considerations  are  not  introduced. 
According  to  Juvinall  [Ref.  1 ] , as  long  as  the  maximum  and  minimum  stresses  are  the  same, 
the  wave  form  and  cycle  frequency  are  of  no  consequence. 

The  second  deviation  from  conventional  testing  conditions  arises  due  to  changes  in  stress 
amplitude  over  the  life  of  a component.  This  is  conventionally  handled  by  applying  Miner’s 
“Law”  of  cumulative  damage.  According  to  this  hypothesis,  the  application  of  nj  cycles  at  a 
stress  range  Sj , for  which  the  number  of  cycles  to  failure  is  Nj , causes  a “fatigue  damage" 
nt  /Nj , and  failure  will  occur  when 
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Though  widely  used.  Miner’s  “Law”  is  not  universally  accepted, with  at  least  one  author 
[ Ref.  5 ] contending  “ There  is,  as  it  turns  out,  plenty  of  experimental  evidence  that  this 
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criterion  is  invalid,  but  it  can  serve  as  a rough  approximation.  ” Haw  rough  is  illustrated  by  the 
value  of  53  n/N  obtained  in  Miner’s  original  tests  - 0.7  to  2.2  [ Ref.  1 J , while  according  to 
the  law  it  should  be  1 . A serious  drawback  of  the  Miner  cumulative  damage  rule  is  that  it 
ignores  the  sequence  in  which  cycles  of  different  amplitudes  are  applied.  Some  materials  for 
which  stressing  just  below  the  endurance  limit  is  followed  by  higher  amplitude  stress  cycles 
have  shown  improvements  in  fatigue  life  [Ref.  3],  Miner’s  cumulative  damage  theory,  with 
minor  modifications,  is  still  the  most  widely  used  basis  for  estimating  life  under  varying  stress 
conditions. 

In  order  to  make  specimen  testing  more  realistic,  methods  in  which  the  stress  level  is 
changed  in  the  course  of  a test  have  been  introduced.  One  procedure,  known  as  “ program 
resting,  ” subjects  the  specimen  or  component  or  machine  to  a predetermined  sequence  of 
cycles,  the  amplitude  of  which  may  range  from  0.1  to  1.0  times  the  maximum  stress  amplitude 
[ Refs.  3 and  61 . Though  such  tests  are  more  realistic  than  single  stress  level  tests,  evidence  that 
they  can  simulate  random  loading  is  not  conclusive  [Ref.  3].  They  also,  however,  show  that 
Miner’s  '‘Law”  often  results  in  significant  overestimates  of  life  [Ibid]. 

The  introduction  of  stochastic  loading  in  fatigue  testing,  while  it  is  intuitively  appealing, 
raises  questions  of  data  interpretation  which  cannot  always  be  objectively  resolved.  Stochastic 
loading  can  be  mathematically  described  as  random  processes.  However,  only  in  a few  applica- 
tions (e.g.,  aircraft  gust  loading)  have  enough  test  data  been  collected  to  describe  the  random 
process  in  probabilistic  terminology.  Even  here,  it  is  generally  assumed  that  it  can  be  described 
by  its  power  spectrum  and  auto-correlation  function.  This  information  is  then  used  to  generate 
a test  specimen  random  loading,  which  has  the  same  statistical  properties  as  the  measured  actual 
loads.  Since  the  generation  of  truly  random  loading  to  conform  with  specified  statistical  prop- 
erties (typically  stationarity,  a given  power  spectrum,  and  a given  auto-correlation  function)  is 
not  easily  done,  some  researchers  have  used  " pseudo-random ” loading,  typically  sinusoidal 
loading  (which  is  modulated  by  a deterministic  or  random  signal  [Refs.  6 and  8].  As  can  be 
anticipated,  the  interpretation  of  such  test  data  is  not  always  noncontroversiai. 


MO 


Mention  must  be  made  of  methods  of  using  random  load  data  with  cumulative  damage 
assessment  procedures.  The  problem  here  is  of  demarcating  individual  cycles.  At  least  four 
different  methods  have  been  proposed  [Ref.  9],  and  they  do  not  always  yield  the  same  results. 
As  long  as  the  sequence  of  different  cycles  is  ignored,  reconciliation  between  the  different 
counting  techniques  will  be  only  of  limited  use  for  life  estimation. 


COMPONENT  AND  MACHINE  TESTING 

Even  though  specimen  testing  on  conventional  rotating  bending,  axial,  or  torsion  machines 
can  give  the  machine  designer  a good  idea  of  the  fatigue  resistance  characteristics  of  a material 
and  the  influence  of  certain  general  factors  (such  as  surface  finish,  heat  treatment,  key  slots, 
etc.),  such  testing  by  itself  cannot  be  used  for  the  life  estimation  of  critical  components  and 
design  evaluation  where  fatigue  considerations  are  of  primary  importance.  In  aircraft  and  auto- 
motive applications,  it  is  common  practice  to  subject  components  and  entire  assemblies  to 
fatigue  tests  [Refs.  3 and  6J.  Attempts  are  made  to  simulate  actual  working  conditions,  but 
the  test  results  can  rarely  be  used  for  drawing  general  conclusions.  They  do,  however,  spot- 
light the  weak  spots  in  a design  and  prove  its  worthiness  to  licensing/regulatory  agencies  and 
equipment  buyers. 

The  design  of  tests  for  assessing  the  fatigue  strength  of  components  and  machines  is  beset 
by  many  difficulties.  First,  components  and  machines  are  heterogeneous,  and  sufficient  data 
from  different  failure  modes  are  hard  to  collect.  Second,  it  is  often  hard  to  distinguish  the 
failure  mode  and  the  critical  element  in  an  assembly,  especially  when  they  interact  with  each 
other.  Third,  the  design  of  accelerated  tests  is  difficult  if  not  impossible.  Cyclic  loading  rates 
cannot  be  altered  as  easily  as  in  coupon  testing.  Physical  limitations  place  constraints  on  pres- 
sure and  stress  rise  rates,  wave  shape,  etc.  Fourth,  statistical  analysis  is  much  more  complex 
and  harder  to  interpret,  in  view  of  the  generally  scanty  test  data  coupled  with  the  number  of 
uncontrollable  disturbing  factors.  It  is  no  surprise  then  that  a number  of  component  and 
machine  fatigue  evaluation  specifications  contain  almost  arbitrary  requirements. 


HYDRAULIC  COMPONENTS 


The  use  of  fatigue  tests  on  standard  specimens  should  be  no  different  in  the  fluid  power 
industry  than  in  other  industries  using  the  same  materials.  As  mentioned  earlier,  such  tests, 
though  useful  in  selecting  materials,  evaluating  the  general  influencing  factors  like  notch 
sensitivity,  heat  treatment,  grain  size,  etc.  cannot  be  used  for  predicting  the  fatigue 
life  of  components  like  pumps,  valves,  cylinders,  motors,  etc.  Some  of  the  factors  that  are 
responsible  for  this  are: 

1.  Complex  geometries,  making  it  difficult  to  calculate  point  stress. 

2.  Complex  stress,  quite  often  tri-axial. 

3.  Complex  failure  mechanism  with  much  interaction  between  different  parts 
of  the  component. 

Consequently,  fatigue  tests  on  components  and  assemblies  and  even  complete  machines 
must  be  seriously  considered  if  fatigue  failure  is  considered  significant.  Here,  the  potential  for 
damage  by  failure  and  its  costs  have  to  be  weighed  against  the  cost  of  conducting  the  tests.  In 
some  instances  (e.g.,  the  aircraft  industry),  such  tests  are  mandatory.  Each  new  design  and 
each  new  machine  has  to  be  tested  anew;  and,  though  previous  testing  experience  is  useful,  it 
cannot  supplant  systematic  testing.  In  such  tests,  a compromise  has  to  be  made  between  the 
desire  for  “realistic”  testing  and  quick  testing.  The  latter  is  usually  resorted  to  by  using  the 
statistical  description  of  actual  loading  conditions  to  generate  pseudo-random  loads,  which  can 
be  used  on  testing  machines.  This  procedure  should  be  seriously  considered  for  hydraulic  com- 
ponents subject  to  random  loading.  It  is  particularly  important  to  note  that  each  such  special- 
ized test  results  in  a population  of  raw  data  for  statistical  analysis,  and  such  results  from  entirely 
different  components,  testing  machines,  or  test  materials  should  not  be  merged  without  apprais- 
ing the  implications  in  statistical  analysis. 

Though  mechanical  forces  can  give  rise  to  cyclic  stresses  in  hydraulic  components,  the 
more  common  stressing  mechanism  is  pressure.  Almost  all  hydraulic  components  serve  as 
pressure  vessels  (in  addition  to  other  functions),  hence  the  importance  of  evaluating  their 
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tatigue  resistance  to  pressure  pulsations.  A common  feature  of  pressure  vessels  is  that,  in  the 
absence  of  pre-stressing,  they  are  generally  subjected  only  to  tensile  stresses.  Also,  the  stress- 
ing is  usually  tri-axial  and  complex. 


In  hydraulic  cylinders,  the  cylinder  wall  is  always  subjected  to  hoop  stresses  which  are 
proportional  to  the  cylinder  pressure.  Axial  stresses  should  be  present  only  when  the  cylinder 
is  completely  extended  or  retracted,  since  cylinder  drag  forces  are  normally  small  compared 
to  external  loads.  Bending  stresses  generally  arise  due  to  self-weight  and  external  moments. 
Such  moments  are  often  introduced  as  a result  of  misalignment  of  pins.  Cylinder  rods  are 
generally  subjected  to  axial  stresses  (compressive  or  tensile,  depending  on  loading)  and  bending 
stresses  for  the  same  reasons  as  given  above. 


There  are  two  tests  which  are  being  used  currently  to  evaluate  the  fatigue  strength  of 
hydraulic  cylinders.  In  the  first,  which  will  be  referred  to  as  the  “locked  rod ” or  “impulse" 
test,  the  rod  is  positioned  at  midstroke  and  rigidly  held  there  while  pressure  is  applied  alter- 
nately on  either  side  of  the  piston.  In  the  second,  which  will  be  called  the  “ cycling " or 
“ endurance " test,  the  rod  traverses  back  and  forth,  a specified  load  being  maintained  at  all 
times.  It  is  desired  to  develop  a rational  basis  for  comparing  the  results  from  these  two  tests 
so  that  testing  can  be  accelerated. 
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of  the  directional 
control  valve.  Fig. 
3-2  depicts  the 
idealized  traces  of 
significant  physical 
variables  and  the 
accompanying 
cylinder  hoop  stress 
at  Sj  and  rod  stress 
at  S2  (in  Fig.  3-1). 
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Fig.  3-2.  Theoretical  Trace*  of  Variable*  in  Impulae  Teating. 


ENDURANCE 

TEST 

Fig.  3-3 

presents  a circuit 
schematic  of  the  test 
setup.  It  is  the  norm- 
al practice  to  test 
two  identical 
cylinders  back  to 


back,  using  one  as  the  driving  cylinder  and  the  other  as  the  slave  cylinder. 


It  is  seen  that  the  cycling  rate  is  dependent  on  the  drive  side  pump  capacity  and  that  the 
cycling  time  will,  in  general,  be  orders  of  magnitude  larger  than  for  impulse  tests.  Pressure  rise 
and  fall  rates  may  be  comparable  to  those  in  the  impulse  test,  but  the  dwell  time  is  much  longer. 
Fig.  3-4  presents  the  idealized  traces  for  physical  variables  and  stresses  at  locations  , S2,  and 
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CYLINDER 


Fig.  3*4.  Theoretical  Traces  of  Variables  in  a Stroking  Test. 


Comparison  of  Tests 


Even  without  a detailed  stress  analysis,  a few  general  conclusions  can  be  drawn: 

The  pressure  cycles  for  the  two  tests  cannot  be  made  identical  for  most  sizes  of 
cylinders.  Consequently,  if  the  pressure  wave  form  and  especially  the  time  under 
pressure  are  different  for  each  test,  the  number  of  cycles  to  failure  can  be  expected 
to  differ. 


I. 


2.  The  impulse  test  is  unrealistic  as  far  as  wear  of  rod  and  seals  is  concerned.  It  is,  however, 
a realistic  test  to  assess  the  fatigue  strength  of  the  rod. 

3.  The  cylinder  is  not  subjected  to  similar  stressing  in  the  two  tests.  In  the  impulse  tests, 
the  cylinder  walls  on  either  side  of  the  piston  are  alternately  subjected  to  hoop  stress; 
whereas,  in  the  endurance  test,  in  one  cycle,  a point  on  the  cylinder  wall  experiences 
the  maximum  stress  for  different  times,  depending  upon  its  position.  A comparison  of 
stress  traces  shown  in  Figs.  3-2  and  3-4  makes  this  clear. 

A more  detailed  analysis,  based  on  strain  energy  considerations  needs  to  be  taken  to  ascertain 

the  precise  relations  between  the  two  tests.  A conclusion  that  can  certainly  be  drawn  at  this 

time  based  on  the  above  points  is  that  the  two  tests  are  not  comparable. 


Test  Data  Evaluation 


Some  test  data  on  impulse  and  endurance  tests  performed  as  described  above  are  available 
at  this  time.  These  tests  were  performed  not  so  much  to  compare  the  two  tests  as  to  qualify 
the  cylinder  designs  for  certain  types  of  equipment.  Table  3-1  furnishes  a summary  of  the  test 
results.  An  inspection  of  the  data  reveals  the  following: 

1.  Multiple  samples  of  similar  cylinders  were  not  tested. 

2.  If  a prescribed  number  of  cycles  were  completed,  the  tests  were  terminated  (i.e., 
testing  was  not  carried  out  to  failure).  Hence,  if  a cylinder  qualified  in  both  tests, 
no  conclusion  as  to  comparative  severity  can  be  drawn. 

3.  Failure  modes  are  widely  different.  In  some  tests,  cylinders  were  repaired  and 
even  modified  after  initial  failure  and  the  test  continued.  In  fact,  the  decision  as  to 
whether  a given  cylinder  qualified  seems  to  have  been  subjective  in  at  least  one  or 
two  cases. 

It  should  be  emphasized  that  the  above  points  do  not  constitute  a criticism  of  the  individual 
qualification.  They  do,  however,  make  it  difficult  to  compare  the  two  tests  from  a severity 
standpoint. 


TABLE  3-1 . SUMMARY  OF  TEST  RESULTS  ON  CYLINDERS. 


Test 

No. 

Cylinder 
Size  (in.) 

Pressure 

(PS») 

Locked  Rod 

Stroking  Rod 

Comments 

Cycles' 

Failure 

Cycles 

Failure 

<i> 

4 

2000 

750,490 

Nil 

750,000 

Nil 

(2) 

6 

2000 

254,908 

Piston  Rod 

296,844 

Piston  Rod 

(3) 

8 

2000 

113,850 

Piston  Rod 

203,108 

Eyebolt 

(4) 

4.5 

1975 

750,000 

Nil 

750,000 

Nil 

(5) 

3.5 

2000 

20,673 

Seal  Leakage 

650,100 

Nil 

(after  repairing  seal) 

<«> 

4.5 

2000 

272,720 

Leakage 

No  Failure. 

(7) 

3.5 

2000 

1,032,327 

Piston  Rod 

(8) 

3.5 

2000 

64,654 

Seal  Leakage 

(9) 

4.5 

2000 

22,846 

Seal  Leakage 

488,114 

No  Failure 

(10) 

5.0 

2000 

195,950 

No  Failure 

(11) 

a 75 

2000 

543,345 

No  Failure 

(12) 

5.0 

2000 

157,209 

Pin  Failure 

151,913 

Pin  Failure 

239,759 

Yoke  Eioni. 

302,874 

Pin  Failure 

(13) 

4 

2000 

750,077 

Nil 

750,000 

Nil 

(14) 

8 

2000 

86,400 

Piston 

24,564 

Piston 

Taper  Failure 

(15) 

6.5 

2000 

46,190 

Rod  Failure 

71,218 

Rod  Yoke 

Repaired 

192,472 

Rod  Failure 

76,141 

Seal  Failure 

Repaired 

105,007 

Rod  Yoke 

(16) 

8.5 

2000 

22,058 

Cap  Bolts 

106,400 

Cap  Bolt 

Repaired 

145,503 

Rod  Failure 

1 46,962 

Cap  Bolt 

Repaired 

248,747 

Cap  Bolt 

Repaired 

255,756 

Rod  Eye 

Repaired 

457,389 

Stop  Nut 

Repaired 

468,686 

Seal  Failure 

Repaired 

507,805 

Stop  Nut 

Repaired 

573,918 

Seal  Failure 

Repaired  j 

587,262 

Rod  Failure 

Repaired 

(17) 

4.5 

2000 

191,345 

Rod  Eye 

750,000 

Nil 

362,273 

Bushing 

Repaired  | 

800,000 

Nil 

(18) 

4 

1500 

347,316 

Rod  Failure 

95,907 

Flange  Brea! 

Repaired 

750,000 

Plating 

123,978 

Rod  Failure 

Repaired 

300,000 

Flange  Changed 

750,000 

No  Failure 

(19) 

5 

2000 

420,682 

Cylinder 

58,879 

Bolt  Failure 

Repaired 

(after  strokii 

ig) 

No  Failure 

1,000,000 

1,000,000 

No  Failure 

(after  stroking  test) 

(20) 

4 

2000 

98.286 

Rod  Failure 

750,000 

No  Failure 

(after  stroking) 

(21) 

4 

2000 

580,941 

Rod  Failure 

750,000 

No  Failure 

(after  stroking) 

(22) 

5 

2500 

7,000 

No  Failure 

3,000 

No  Failure 

CONCLUSION 

The  impulse  and  endurance  tests  on  cylinders  are  not  comparable  for  all  parts  of  a 
cylinder.  A restricted  comparison  of  severity  can  be  done  after  an  analysis  of  the  strain  histor- 
ies in  the  rod  and  cylinder  wall.  Most  of  the  failures  seem  to  occur  at  the  pins  or  yokes,  point- 
ing out  the  importance  of  assembly  and  alignment.  Tests  not  run  to  failure  are  of  little  use  for 
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comparison  purposes.  Tests  in  which  design  changes  are  made  alter  initial  failure  are  also  of 
little  value  beyond  that  point.  Further  analysis  based  on  strain  energy  considerations  is  needed 
to  indicate  the  severity  of  each  test. 
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CHAPTER  IV 

A DYNAMIC  MODEL  FOR  STRESS  CALCULATIONS  DURING  STROKING  TESTS 


NOMENCLATURE 


SYMBOL 

A 

B 

I 

k 

m 

P 

V 

x 

P 


DESCRIPTION 

Area 

Drag  Coefficient 
Inertia  Coefficient 
Relief  Valve  Constant 
Relief  Valve  Gradient 
Pressure 
Volume 

Cylinder  Movement 
Effective  Bulk  Modulus  of  Fluid 


SUBSCRIPTS 

A Head  End 

B Rod  End 

S Slave  Cylinder 

T Test  Cylinder 

The  purpose  of  this  mathematical  model  is  primarily  to  ascertain  the  pressure  and  stress 
rise  rates  which  can  be  obtained  with  a prescribed  test  setup.  The  endurance  test  stand  shown 
schematically  in  Fig.  3-3  is  the  basis  for  this  analysis.  Pressure  rise  rates  are  sometimes  specified 
in  conjunction  with  flow  rates  for  the  test  cylinder  circuit  pump,  and  these  two  could  be  in 
conflict  under  certain  circumstances. 
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The  following  constraints,  which  can  be  relaxed  when  a more  accurate  treatment  is  desir- 


1 


ed.  are  made  for  a preliminary  analysis: 

1 . The  four-way  valve  in  the  test  cylinder  circuit  offers  no  flow  resistance. 

2.  The  test  circuit  pump  delivers  the  same  flow  rate  at  all  pressures. 

3.  The  guide  in  which  the  two  cylinder  rods  are  connected  is  frictionless. 

4.  The  relief  valves  on  the  slave  cylinder  circuit  have  a straight  line  pressure-flow 
characteristic.  They  do  not  leak  below  the  cracking  pressure  and  do  not  exhibit 
hysteresis. 

5.  There  is  no  leakage  past  the  pistons  in  either  the  test  or  slave  cylinder. 

6.  Lines  offer  no  resistance  to  flow. 

7.  Back  pressure  in  both  test  and  slave  cylinders  is  zero. 


The  equations  governing  the  system  variables  are  as  follows: 


o 

H 

II 

Aat°x 

o V 

+ P AT 

AT  -J- 

(4-1) 

OO 

* lx 

+ (Bt  + BS)X  + 

PA  S AA  S 

(4-2) 

Aas°x 

O 

" PAS 

+ (k  + m 

0 s s 

PAS> 

(4-3) 

Eq.  (4-1)  is  obtained  from  compressibility  and  flow  considerations  of  the  test  cylinder  circuit. 
Eq.  (4-2)  is  obtained  by  performing  a force  balance  on  the  moving  parts.  Eq.  (4-3)  is  obtained 
from  compressibility  and  flow  considerations  of  the  slave  cylinder  circuit.  It  should  be  noted 
that  Eq.  (4-3)  is  valid  in  its  present  form  only  if  PA  s is  greater  than  the  cracking  pressure  of 
the  relief  valve. 

Though  it  is  possible  to  numerically  solve  Eqs.  (4-1),  (4-2),  and  (4-3)  on  the  digital  com- 
puter, better  insight  into  the  dynamic  phenomena  is  obtained  by  first  studying  them  qualitative- 
ly. Such  a study  follows. 
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At  the  beginning  of  a stroke,  the  relief  valve  in  the  slave  cylinder  circuit  will  be  shut; 
consequently,  Eq.  (4-3)  reduces  to: 


o v 

P AS 

AS  -5 


= Aa  s x 


(4-4) 


Tliis  can  be  integrated  to  give: 


p VAS 

AS  — 


= Aas  x 


(4-5) 


since  we  can  assume  that  PA  s = 0 when  x - 0. 


Substituting  the  value  of  PAS  given  by  (4-5)  in  Eq.  (4-2),  we  get: 


< 

J 


T ^A  T 


2 

K + (Bt  + B )x  + x 

T s V 

as 


(4-6) 


Differentiating  Eq.  (4-6)  with  respect  to  time,  we  get: 


*atAat 


lx  + (BT  + Bs)x  + 


Aas’0 


o oo  ooo 


(4-7) 


AS 

oo  ooo 


Substituting  for  x,  x,  and  x by  using  Eq.  (4-1)  [differentiating  it  for  x and  x 1,  we  get: 


PA  T AA  T 


1 [-‘  AT— AD  + (BT  +Bs)  [-PatV\T] 


^ Aat 

Aa^~  P-V 


PA 


AT 


A S 


(QT  - 


AT  AT 


P 


A T 


(4-8) 


A 2 V 

or  [ A + AS  a-^)Pat 
V A 

VASftAT 


OOO  o 

p v p v 

- I AT  AT  - (Bt  + BJ  A r—±.l 


0Aai 


P A 


AT 


A 2 

+ A* 


P Qr 


AS  “AT 
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Since  initially  both  PAT  and  PAT  will  be  positive,  it  is  seen  that  the  pressure  rise  rate 

O 

PA  T is  lessened  due  to  the  presence  of  the  inertia  and  drag  terms.  As  an  extreme  situation, 
consider  the  case  when  I = B = B = 0. 

S T 


A . „2  0 Q _ V.  „ A. 


AS 


AS  AT 


AT 


^AS  \t 


V A + V A 2 
vasaat  vataas 


(4-9) 


As  a numerical  example,  consider  the  following: 

Test  and  Slave  Cylinders:  5”  diameter  by  24”  stroke 

(127mm  diameter  by  0.6  m stroke) 

Dead  Volume  at  End  of  Stroke:  10  cu.  in.  ( 1 64  ml) 

Pump  Flow  Rate:  20 gpm  (75.7  1pm) 

Fluid  Bulk  Modulus:  2 x 10s  psi  (13,794  bars) 

When  the  test  cylinder  is  at  the  beginning  of  a stroke,  the  volumes  in  Eq.  (4-9)  are  as 
follows: 


VAT  = 10  cu.  in.  (164  ml) 

VAS  = 471  cu.  in.  (7.718  litres) 

• p = (19.63)2(2  x 10t’)(20.385) 

(471  + 10)  (19.63)* 

= 32,016  psi/sec  (2200  bar/s) 

In  practice,  the  pressure  rise  rate  will  be  less  than  this,  primarily  due  to  leakage  past 
seals.  Only  a simulation  of  Eq.  (4-8)  will  yield  the  time-history  of  the  pressure  rise  rate  as 
the  cylinder  is  stroked.  It  is,  however,  of  interest  to  estimate  the  pressure  rise  rate  obtained 
by  using  the  same  flow  rate  on  a locked  rod  test. 


If  the  rod  is  locked  in  mid-position,  the  trapped  volume  is  approximately  (471/2  + 10) 

= 245.5  cu.  in.  (4.02  litres).  Pressure  rise  rate  is  given  by: 

°d  - Qt0  = (20.385)  (2  x 106) 

*x  "V .. c e 

'at  245.5 

= 62,729  psi/sec  (4,326  bar/s) 

This  demonstrates  that,  for  a given  flow  rate,  the  locked  rod  test  will  generally  result  in  high- 
er pressure  rise  rates.  The  strain  and  stress  rates  in  the  cylinder  and  rod  will  be  approximately 
proportional  to  the  pressure  rate.  The  maximum  hoop  stress  in  the  pressurized  portion  of  a 
cylinder  is  given  by: 


A PAT  ( ) 

R2  - r2 


where: 


R A External  Radius  of  Cylinder 
r A Internal  Radius  of  Cylinder 


If  in  the  above  example  the  test  cylinder  had  a wall  thickness  of  0.625”  (15.88  mm), 


the  maximum  hoop  stress  rate  would  be: 


62,729  [ 


3.1252  + 2.52 
3.1252  - 2.52 


286  x 103  psi/sec  (19.7  x 103  bar/s) 


It  is  normally  impracticable  to  measure  this  stress,  since  it  occurs  at  an  internal  surface. 
The  external  hoop  stress,  which  is  easier  to  measure,  is  given  by: 


S, A p 

hoop  ext  — r 


(R2  - r2) 


**  -{• 


and  the  external  hoop  stress  rise  rate  in  the  above  example  would  be: 


22.5* 

62,729  [ ] 

3.125*  -2.5* 


223  x 103  psi/sec  (15.4  bar/s) 

The  rod  will  be  subjected  to  a compressive  stress  proportional  to  the  cylinder  pressure.  It 
should  be  noted,  however,  that  if  there  is  any  slack  in  the  pins  at  either  end  both  the  pins  and 
the  rod  will  be  subjected  to  impact  loading  and  the  transient  contact  stresses  may  be  much 
higher  than  that  indicated  by  the  above  estimate. 
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CHAPTER  V 


SIMULATION  OF  STROKING  AND  LOCKED  ROD  TESTS 


Chapter  IV  presented  estimates  of  the  pressure  rise  rates  for  both  stroking  and  locked 
rod  tests.  It  was  shown  that,  for  a given  flow  rate,  if  leakage  and  test  frame  flexure  were 
ignored,  the  locked  rod  test  would  generally  result  in  higher  pressure  rise  rates. 

Computer  programs  have  been  written  to  completely  simulate  both  stroking  and  locked 
rod  tests.  These  are  discussed  in  the  next  two  sections.  The  simulation  results  will  be  found 
very  useful,  both  in  designing  and  conducting  tests  as  well  as  interpreting  test  results. 


STROKING  TEST  SIMULATION 

Fig.  5-1  shows  the  essentials  of  the  test  fixture  based  on  the  circuit  shown  in  Fig.  3-3. 


SL/VE  CYLINOER  TEST  CYLINDER 


TEST  FRAME 

Fig.  5-1.  Stroking  Teat  Frame  Schematic. 


Usually,  the  test  and  slave  cylinders  are  identical  and  tests  are  conducted  on  pairs  of  cylinders 
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which  alternate  as  "test”  or  "slave”  cylinders  after  a specified  number  of  cycles.  The  cylinder 
traverse  length  is  adjusted  by  limit  switches,  whose  position  may  be  changed  according  to  a 
specified  schedule.  Since  the  test  cylinder  circuit  pump  has  to  deliver  fluid  alternately  to  the 
head  and  rod  end,  the  "time  at  pressure”  depends  on  the  pump  capacity  in  addition  to  the 
distance  traversed  per  cycle. 


The  following  assumptions  were  made  in  developing  the  mathematical  model  for  the 
stroking  test: 

1 . Pump  outflow  is  constant. 

2.  When  one  side  of  the  test  cylinder  is  pressurized,  the  other  is  at  atmopheric  pressure. 

3.  The  directional  valve  switches  instantaneously. 

4.  The  relief  valves  in  the  slave  cylinder  circuit  have  characteristics,  as  shown  in  Fig.  5-2. 

5.  Cylinder  drag  force  is  proportional  to  velocity. 

6.  Cylinder  leakage  is  proportional  to  pressure. 


Fig.  ft-2.  Static  Characteristics  of  Relief  Valve. 


It  is  useful  to  examine  the 
behavior  of  the  test  system  qualita- 
tively before  discussing  the  simulation 
results.  Ideally,  the  pressure  cycle 
would  be  a square  wave,  since  the 
pressure  on  one  side  should  rise 
instantaneously  to  the  relief  setting, 
hold  during  the  traverse,  and  drop 
to  atmospheric  pressure  on  reversal 
of  the  directional  control  valve.  The 


rise  and  fall  are  slower  because: 

(a  | The  moving  parts  have  inertia  and  need  to  be  accelerated  and  decelerated  at  the 
beginning  and  end  of  traverse.  Increasing  the  inertia  tends  to  reduce  the  pressure 
rise  rate,  since  it  takes  longer  to  accelerate  to  the  final  traverse  velocity. 


(b)  The  piston  rods  exhibit  drag,  which  increases  the  test  cylinder  pressure  to  a level  higher 
than  that  of  the  relief  valves  on  the  load  circuit.  Increasing  this  drag  tends  to  increase 
the  pressure  rise  rate  in  addition  to  raising  the  test  cylinder  final  pressure. 

(c)  Both  test  and  slave  cylinders  will  generally  exhibit  leakage  which  normally  increases 
as  the  seals  wear  out.  Increase  of  slave  cylinder  leakage  may  result  in  reduction  of  the 
effective  load  on  the  test  cylinder,  and  increase  of  test  cylinder  leakage  will  tend  to 
reduce  the  pressure  rise  rate. 


Table  Si  presents  the  test  system  parameter  values  used  in  digital  simulation.  The  first  of 
the  three  trends  indicated  above  is  evident  in  the  simulation  results  summarized  in  Table  5-2 
and  depicted  in  Fig.  5-3(a)-(d).  (Computer  run  576  shows  lower  rise  rate  than  568,  and  the  latter 
is  higher  than  562.) 


TABLE  5-1 . TEST  SYSTEM  PARAMETERS  FOR  STROKING  TEST  SIMULATION. 


N 

a me 

Value  f 

Computer 

Algebraic 

Description 

US  Units 

SI  Units 

AAT 

Aat 

Head  End  Area,  Test  Cylinder 

19.63  in2 

126.6  cm2 

AAS 

Aas 

Head  End  Area,  Slave  Cylinder 

19.63  in2 

126.6  cm2 

DVOL1 

vdl 

Dead  Volume,  Slave  Cylinder 

10.0  in3 

164  ml 

DVOL2 

Vd2 

Dead  Volume,  Slave  Cylinder 

10.0  in3 

164  ml 

BETA 

0 

Effective  Fluid  Bulc  Modulus 

2 x 1 05  psi 

13.8x10s  bars 

VAT 

VAT 

Pressurized  Volume,  Test  Cylinder 

Circuit 

VAS 

VAS 

Pressurized  Volume,  Slave  Cylinder 

Circuit 

QT 

Q 

Pump  Inflow,  Test  Cylinder  Circuit 

173.25  in3/sec 

170.3  2/min 

RELFCR 

Pr 

Relief  Valve  Cracking  Pressure,  Slave 

2800.00  psi 

193  bats 

XMS 

m 

Relief  Valve  Gradient 

0.866  in3/ 

12.3  £/min 

sec/psi 

bar 

Figs.  5-4(a)  and  (b)  show  the  effect  of  increased  leakage.  These  data  are  of  particular 
interest,  since  one  criterion  for  cylinder  qualification  is  that,  after  cycling,  the  test  cylinder 
should  not  exhibit  excessive  leakage.  If  the  pressure  cycles  are  recorded  at  frequent  intervals 
during  cycling,  any  sudden  decrease  in  the  rise  rate  could  be  used  as  an  indication  of  excessive 
leakage,  if  other  test  parameters  do  not  change. 
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TABLE  5-2.  EFFECT  OF  PISTON  ROD  INERTIA  AND  SEAL  DRAG  ON  PRESSURE  RISE  RATE  IN 
STROKING  TEST. 


^ *Same  value  used  for  te«t  and  slave  cylinders. 

) 

* J 


In  actual  practice,  the  inertia  of  the  piston  is  invariant  and  consequently  changes  in 
pressure  rise  rates  can  be  attributed  to  the  effectiveness  of  the  seals.  In  order  to  put  the  seal 
drag  and  leakage  figures  in  proper  perspective,  it  may  be  noted  that,  for  the  simulated  condi- 
tions: 

1.  A drag  coefficient  of  95.32  lbsf  sec/in  amounts  to  a pressure  differential  of 
4.85  psi  across  a 5”  cylinder  at  a velocity  of  1 ”/sec. 

2.  A leakage  coefficient  of  1.417  x 10‘7  in3/sec  lbsf  corresponds  to  a cylinder 

drift  of  1”  per  hour  at  2000  psi,  while  a value  of  6.407  x 10'®  in3/sec  corresponds 
to  a cylinder  drift  of  0.46”  per  hour  at  2000  psi. 

NOTE:  A ten-fold  increase  in  the  leakage  coefficients  for  both  test  and  slave  cylinders  has 
resulted  in  approximately  4%  drop  in  the  pressure  rise  rate. 


LOCKED  ROD  (IMPULSE  TEST)  SIMULATION 


Fig.  3-1  shows  the  test  circuit  schematic,  and  Fig.  5-5  depicts  the  test  frame  in  which  the 
cylinder  is  mounted.  Note  that  the  rod  is  locked  in  one  position  (usually  at  mki-stroke),  so 
that  the  only  relative  movement  between  the  cylinder  and  rod  is  due  to  slack  in  the  pinned 
ends  and  the  flexure  ol  the  frame  itself.  When  the  solenoid  valve  is  switched  from  one  position 
to  another,  alternative  sides  of  the  cylinder  are  pressurized.  The  relief  valve  insures  that  the 


r'l  " 


-r^ 


(a) 


(b) 


SIMULATION  OF  STROKING  TEST 
I ■ 35  I Kg 
Br*  44  25  Ns/m 
44  25  Ns/m 


PRESSURE  RISE  RATE  I 


NOTE  CHANGE 
OF  SCALE 


TIME 


ANTHONY  CYUNDER  LT-I-I6 
I ■ 87  65  kg 
87=843  N sec/m 
, B,«  H80  N sec /m 
Cv.t"I603  XIO  'm’/sec  bors 
C ,"7241  X I0“* m' /sec.  bars 

1 1 1 

[pressure  rise  rate 


2 3 

nilliseconds — 


T~ 

Jh. 

NOTE  CHANGE 
Kofscaif 

1 

08  10 

— seconds — 


system  pressure  does  not  ex- 
ceed a specified  peak  pressure, 
and  the  “ time  on  pressure" 
can  be  adjusted  by  switching 
the  solenoid  valve  appropri- 
ately. It  should  be  noted  that 
the  pump  delivers  only  com- 
pressibility flow  to  the  cylin- 
der in  each  pressurization, 
and  the  rest  of  the  fluid  passes 
over  the  relief  valve. 


_fB,«M80Ns/m  

T CLT- 1 6xlO*mVsec  bors 
I Qs»724x  lO'm'Aec  bars 


PRESSURE  RISE  RATE 


1 / NOTE  CHANGE 

OF  SCALE 

U- 4- 


For  purposes  of  simula- 
tion, the  following  assumptions 

I 1 1 I I I 1 I 

SIMULATION  OF  STROKING  TEST  1 . 

ANTHONY  CYUNDER  LT-I-I6  Were  mdUU. 

| I Z-175  3 Kg  j 

4 j i=.T{_  I Pump  outflow  is  constant. 

■sy  | 'ClT*I6xI0'V/s«c  bors  i t v 1 --j  I 

| Q,.72«.,d'V»W.»„  ] \ 2.  When  one  side  is  being 

5 nn  [ [ 'll  I pressurized,  the  other  side 

!*°  ' 1 is  at  atmospheric  pressure. 

z | |7| 

/ ! 3.  The  cvlinder  volume  is 

50F  ■—  f 4 , , , 

/ large  compared  to  that 

,pas  | / of  the  lines,  so  that  all 

,X  T ->i.  1 -j  I I I the  compressibility  flow 

T)  'l  " ” 2 3 V04  0«  08  10 

i miiHseconds 1 i seconds 1 ends  up  m the  cylinder. 

TIME 

4.  The  relief  valve  has 
characteristics  as  shown 
in  Fig.  5-2. 

•4.  Effect  of  Leakage  on  Stroking  Test  Pressure  Rise  Rate. 

5.  The  solenoid  valve 
switches  instantaneously. 

6.  The  test  frame  behaves 
like  a linear  spring. 

Special  mention  must  be  made  of  the  following  factors  which  are  considered  in  Simula- 


Fig.  5*4.  Effect  of  Leakage  on  Stroking  Test  Pressure  Rise  Rate. 


1 . Inertia  of  the  piston  and  equivalent  inertia  of  the  test  frame  are  consolidated  in 
one  parameter. 

2.  Slack  in  the  test  frame,  mainly  due  to  clearances  at  the  pinned  connections. 

For  purposes  of  simulation,  the  test  frame  is  assumed  to  behave  like  a nonlinear 

Once  slack  is  taken  up,  the  frame 


Table  5-3  presents  the  numerical 
values  of  the  parameters  used  in  the 
simulation.  The  cylinder  area  corresponds 
to  one  of  5”  (127mm)  bore,  while  the 
upstream  volume  corresponds  to  approxi- 
mately a 36”  (914mm)  long  cylinder  locked 
at  mid-stroke.  The  volume  of  the  piping 
between  the  pump  and  the  cylinder  is  consid- 
ered negligible  by  comparison.  The  drag 
coefficient,  though  included  in  the  mathematical  model,  has  an  extremely  small  influence, 
since  there  is  very  little  relative  motion  between  the  cylinder  and  the  rod.  The  slack  in  the 
test  frame  results  in  low  pressure  rise  rates  in  the  beginning  of  a cycle,  but  once  it  is  taken  up 
the  rise  rate  is  controlled  primarily  by  the  frame  stiffness  and  the  pump  flow  rate. 


TABLE  5-3.  TEST  SYSTEM  PARAMETERS  FOR  IMPULSE  TEST  SIMULATION. 


Name 

Value  | 

Computer 

Algebraic 

Description 

US  Units 

SI  Units 

AA 

Aa 

Cylinder  Area 

19.63  in2 

126.6  cm2 

VA 

vA 

Upstream  Volume 

363.00  in3 

5.94  2 

QP 

Qr 

Pump  Flow  Rate 

40.425  in3/s ec 

40  2/ min 

BETA 

P 

Fluid  Effective  Bulk  Modulus 

2.0  x 105  psi 

13.8  x10s  bars 

RELFCR 

p 

cr 

Cracking  Pressure  of  System 
Relief  Valve 

1 900.00  psi 

131  bars 

XM 

M 

Relief  Valve  Gradient 
(See  Fig.  2-3.) 

0.40425  in3/sec/psi 

5.8£/min/bar 

DRAG 

B 

Cylinder  Drag  Coefficient 

1 33.44  Ibsf  sec/in 

23.4  NS/m 

CLRNCE 

c 

Slack  in  Test  Frame 
(See  Fig.  2-7.) 

.008  in. 

.203  min. 

spring,  while  this  slack  is  being  taken  up. 
behaves  like  a linear  spring. 


Fig.  5-5.  Cylinder  Impute  Test  Frame  Schematic. 


J 


Table  5-4  and  Figs.  5-6(a)  and  (b)  present  the  simulation  results  for  the  same  cylinder 
as  those  for  which  stroking  test  simulation  results  were  given  in  Fig.  5-3.  Computer  run  301 
assumed  that  there  was  no  relief  valve  in  the  circuit.  The  change  in  slope  at  approximately  0.1 
seconds  corresponds  to  the  taking  up  of  slack.  It  is  seen  that  once  slack  is  taken  up  the  pressure 
rise  rate  is  much  higher,  provided  both  the  piston  rod  inertia  and  the  leakage  coefficient  are 
small. 


Computer  run  319,  and  runs  324  and  321  graphically  depict  the  degradation  of  the  piston 
seals  during  impulse  testing.  In  fact,  when  the  leakage  coefficient  has  increased  a hundred  fold, 
as  in  321 , not  only  is  the  pressure  rise  rate  low,  but  the  final  pressure  itself  is  less  than  the 


relief  valve  setting.  This  indicates  that  much  of  the  pump  flow  is  leaking  past  the  piston  rod. 


COMPARISON 


From  the  simulation  runs,  it  can  be  seen  that,  for  the  same  flow  rate,  the  pressure  rise  is 
approximately  twice  as  large  for  the  impulse  test  as  for  the  stroking  test.  Or,  in  other  words, 
a given  pressure  rise  rate  can  be  achieved  with  a much  smaller  pump  in  an  impulse  test.  In 
both  tests,  the  pressure  rise  rate  is  significantly  affected  by  the  test  system  parameters  (e.g., 


inertia  ot  moving  parts,  relief  valve  characteristics,  and  in  the  case  of  the  impulse  test  the 
frame  stiflness  and  slack).  It  is  also  affected,  however,  by  the  leakage  and  drag  character- 
istics ol  the  cylinder.  Since  these  will  change  in  the  course  of  a test,  the  pressure  rise  rate 
can  be  used  to  monitor  the  rate  of  degradation. 


CONCLUSION 

Simulation  of  both  stroking  and  impulse  tests  has  been  performed.  The  results  show 
that  the  pressure  wave  form  is  significantly  dependent  on  the  test  circuit  components  and 
the  testing  fixture.  Thus,  the  pressure  rise  rate  depends  in  the  impulse  test  on  frame  stiff- 
ness and  in  the  stroking  test  on  seal  drag  and  leakage.  The  (low  rate  of  the  test  system  pump 
is  also  an  influential  factor. 


CHAPTER  VI 


EXPERIMENTAL  EFFORT 


The  main  objective  of  the  experimental  effort  in  this  phase  ol  the  U.S.  Army  MERDC 
Reliability  Program  was  to  ascertain  the  correlation  between  strain  rates  and  pressure  rise 
rates  when  hydraulic  cylinders  are  subjected  to  cyclic  loading.  Test  specifications  (See 
Appendix  A.)  usually  call  for  a certain  minimum  pressure  rise  rate  to  be  maintained,  but  it 
should  be  remembered  that  the  fatigue  life  of  a component  is  really  a function  of  strain  rates. 

It  is  generally  impractical  to  strain  gage  every  cylinder  subjected  to  fatigue  testing;  whereas, 
pressure  measurements  can  be  relatively  easily  obtained.  Hence,  the  importance  of  establishing 
the  correlation  between  strain  rates  and  pressure  rise  rates  can  be  seen. 

Since  the  hoop  and  longitudinal  stresses  in  a hydraulic  cylinder  depend  only  on  the 
pressurization  and  not  on  rod  velocity,  it  was  decided  to  measure  pressure  and  strain  in  a test 
setup  which  duplicates  the  locked  rod  test.  Fig.  6-1  presents  the  test  circuit  schematic.  Pres- 
sure and  strain  cycles  can  be  imposed  by  moving  the  directional  control  valve  as  well  as  ener- 
gizing and  de-energizing  the  solenoid  relief  valve.  The  needle  valve  permits  control  of  the 
pressure  rise  rates. 

The  test  cylinder  was  fixed  with  the  rod  extended  mid-stroke.  Suitably  chosen  strain 
gages  were  attached  to  measure  axial  and  hoop  strain  on  opposite  sides  of  the  cylinder  surface. 
(See.  Fig.  6-2.)  Strain  gages  were  connected  so  as  not  to  be  affected  by  bending  stresses  due  to 
self-weight  or  other  reasons.  By  using  identical  strain  gages  on  all  four  legs  of  the  resistance 
bridges,  temperature  effects  were  automatically  compensated.  Table  6-1  summarizes  the  dy- 
namic characterstics  of  the  instrumentation  used  during  the  tests. 
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(101. • MM) 


Fig.  6-2.  Location  of  Strain  Gages  on  Teat  Cylinder. 


TABLE  6-1 . DYNAMIC  CHARACTERISTICS  OF  INSTRUMENTATION  USED  FOR  LOCKED  ROD  TESTS. 


Serial 

Number 

Instrument 

Dynamic  Response 

1 

Budd  Strain  Recorder, 

0 - 50  Hz. 

Model  P-350 

2 

Bell  & Howell  Pressure 

0-  16kHz. 

Transducers,  Strain  Gage 
Bridge  Type  (0-5000  psi) 

3 

Honeywell  CRT  Visicorder 
(recording  oscillograph) 

0-1  kHz. 

Table  6-2  summarizes  the  strain  and  pressure  rates  for  different  pressure  settings.  Figs. 
6-3 , 6-4,  6-5,  and  6-6  are  typical  oscillograph  recordings  for  pressure  cycling  obtained  by  using 
the  solenoid  relief  valve.  It  can  be  seen  from  the  figures  that  the  pressures  and  strains  rise 
simultaneously.  However,  the  strain  decay  is  seen  to  exhibit  transient  spikes  in  Figs.  6-3  and 
6-6,  which  have  no  corresponding  feature  in  the  pressure  traces.  From  this,  it  can  be  inferred 
that,  under  certain  circumstances,  the  material  of  the  cylinder  wall  may  be  subjected  to  stress 
rates  which  are  not  reflected  in  pressure  measurements.  If  the  cylinder  is  made  of  material 


TABLE  6-2.  STRAIN  RATES  AND  PRESSURE  RISE  RATES  FOR  LOCKED  ROD  TESTS. 


ZERO  STRAIN 


(120  ^/sec) 
in 


-i  L_ 


Fig.  6-3.  Dynamic  Pressure  and  Hoop  Strain  for  a Locked  Rod  with  Rod  End  Pressurized. 


whose  fatigue  strength  if  not  affected  by  the  strain  rate,  the  discrepancies  between  the  pres- 
sure and  strain  rates  as  reported  above  can  be  ignored.  If  such  is  not  the  case,  strain  measure- 
ments must  be  made  at  least  for  a few  cycles  to  insure  that  specified  strain  rates  are  maintained. 


STRAIN 


( 140  ~^/sec) 


PRESSURE 
(5000  PSI/SEC) 


ZEROI  PRESSURE 


EXTEND  1000  » AXIAL  STRESS 
4 in/sec. 

STRAIN  - 28  —y*' 

in 

PRESSURE  RISE  OBTAINED  BY 
RELIEF  VALVE 


NORMALIZED  PRESSURE  RISE  - 5.00 
NORMALIZED  STRAIN  RISE  - 5.00 


□ L 

0.1  SEC 

I • 


F|g.  M.  Dynamic  Pressure  and  Axial  Strain  for  a Locked  Rod  with  Head  End  Pressurized.  (Note  oscillatory  transient  in  strain.) 

It  should  also  be  noted  that,  if  the  strain  has  a wave  form  different  from  that  of  the  pressure, 
the  cycle  life  for  strain  may  not  be  identical  with  the  cycle  life  for  pressure.  It  should  also 
be  pointed  out  that  the  correlation  between  cylinder  strain  and  pressure  is  the  same  for  both 
impulse  and  stroking  tests.  Consequently,  the  above  inferences  on  strain  and  pressure  rates  are 
valid  for  both  kinds  of  test,  even  though  they  were  obtained  in  a test  setup  in  which  the  cylin- 
der rod  was  fixed  at  mid-stroke.  Further  tests  are  needed  to  examine  the  effect  of  pin-eye 
clearances  on  the  strain  rates  for  cylinder  rods.  Simulation  of  locked  rod  tests  discussed  in 
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Chapter  V shows  that  pin-eye  clearances  can  result  in  significant  changes  in  the  pressure  rise 
rates.  Whether  rod  strain  rates  change  in  the  same  manner  needs  to  be  ascertained  by  further 
testing.  I | I 


CHAPTER  VII 


A REVIEW  OF  TEST  PROCEDURES  OF  FATIGUE  LIFE 
EVALUATION  OF  HYDRAULIC  CYLINDERS 


This  chapter  has  been  motivated  by  a review  of  the  current  test  procedure  as  well  as  the 
test  data  presented  in  numerous  tests  conducted  according  to  the  procedures.  Appendix  A 
contains  the  relevant  portions  of  the  test  procedures  under  review  and  Appendix  B the  refer- 
ences for  the  test  reports  studied.  It  is  appropriate  to  make  a few  general  comments  before 
discussing  details  of  the  procedures  under  scrutiny. 

The  prime  purpose  of  developing  a standard  test  procedure  is  to  permit  the  objective 
evaluation  of  the  suitability  of  a piece  of  hardware  for  the  intended  application.  Admittedly, 
the  best  method  of  doing  so  is  to  install  the  component  on  the  system  on  which  it  is  intended 
to  be  used  and  subject  it  to  normal  usage.  If  the  component  fails  before  the  desired  life  has  been 
reached,  it  may  be  rejected.  There  are  two  main  reasons  why  this  method  of  evaluating  compon- 
ent endurance  is  often  impractical.  First,  it  may  require  an  inordinate  length  of  time  and, 
second,  the  number  and  magnitude  of  uncontrollable  variables  seriously  affects  the  reliability 
of  the  test  data.  Consequently,  both  manufacturers  and  users  of  components  have  evolved 
standard  testing  methods  for  appraising  the  endurance  of  components.  Even  though  the 
test  conditions  may  not  duplicate  the  actual  working  condition  for  a specific  application,  it 
is  conjectured  that  the  test  results  can,  in  some  way  or  other,  be  related  to  actual  field  life. 
Fatigue  life  testing  of  components  usually  involves  subjecting  them  to  cyclic  stresses  of  either 
a deterministic  or  random  wave  form.  Since  tests  using  random  wave  form  cycles  are  harder 
to  interpret,  they  will  be  ignored  for  the  purposes  of  this  discussion.  In  the  case  of  hydraulic 
cylinders,  there  are  so  many  parameters  which  can  be  varied  that  it  is  impossible  to  compare 
test  results  unless  either  (a)  all  test  parameters  are  identical  or  (b)  the  influence  of  the  test 
parameters  which  are  different  from  test  to  test  are  precisely  known.  If  the  influence  of 
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certain  parameters  is  unknown  or  incompletely  understood,  it  is  generally  preferable  to  insist 
that  they  be  held  constant  for  all  tests  which  need  to  be  compared.  One  of  the  purposes  of 
this  review  is  to  highlight  the  parameters  which  could  influence  cylinder  endurance  testing 
and  indicate  how  they  can  be  rigorously  specified. 

An  extremely  important  consideration  in  drafting  a test  procedure  for  fatigue  testing  of 
a component  is  the  failure  criterion.  Hydraulic  cylinders  being  heterogeneous  components, 
there  can  be  a number  of  modes  of  failure  (e.g.,  seal  wear  out  — as  exhibited  by  leakage,  rod 
breakage,  clevis  breakage,  plastic  distortion  of  eyes,  etc.).  Some  of  these  (e.g.,  seal  wear  out) 
may  be  considered  repairable,  and  the  test  may  be  interrupted  to  carry  out  such  repairs  as 
and  when  needed.  If  such  is  the  case,  it  should  be  explicitly  indicated  in  the  test  procedure. 

No  other  type  of  repair  or  reconditioning  on  the  test  cylinder  should  be  permitted.  Some- 
times, however,  the  proper  completion  of  a fatigue  test  on  a component  requires  the  repair/ 
conditioning  of  other  elements  in  the  test  fixture  or  circuit.  Thus,  in  testing  hydraulic 
cylinders,  it  may  be  necessary  to  replace  deformed  or  broken  pins.  Such  repairs  should  be 
permitted,  since  otherwise  it  can  be  contended  that  the  existence  of  such  defective  compon- 
ents led  to  the  premature  failure  of  the  cylinder  itself.  It  should  be  noted,  however,  that 
the  defective  elements  (e.g.,  pins)  should  be  changed  as  soon  as  defects  are  noted.  Stress 
distribution  in  the  test  cylinder  parts  may  be  radically  altered  if  such  defective  elements  are 
allowed  to  stay  till  breakage  occurs. 

In  addition  to  the  above  general  remarks,  the  following  specific  comments  are  offered 
for  consideration  during  revision  of  the  test  procedure: 

1.  Paragraph  4.5.2.2  is  the  only  reference  to  the  test  stand.  Only  the  test  circuits 
for  packing  drag  and  endurance  tests  are  indicated.  The  test  circuit  for  impulse 
endurance  is  not  specified,  and  one  would  reasonably  assume  that  either  of  the 
test  circuits  furnished  could  be  used  for  such  a test.  However,  neither  of  the 
test  circuits  shown  in  Fig.  A-l  or  A-2  have  provisions  for  positively  holding  the 
cylinder  rod.  Consequently,  an  impulse  test  conducted  by  using  one  of  the  above 
two  circuits  would  not  be  comparable  to  one  in  which  the  cylinder  rod  was 
mechanically  locked  in  mid-position.  (See  Fig.  3-1 .)  Various  test  reports  studied 
for  historical  data  (See  Appendix  B.)  indicate  that  impulse  tests  were  performed 
using  a frame  similar  to  Fig.  3-1 . 
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Structural  features  of  the  test  fixture  have  a significant  influence  on  the  stress  cycles  to 
which  various  parts  of  the  test  cylinder  are  subjected.  Simulation  results  presented  in  Chapter 
V of  this  report  show,  for  example,  how  the  frame  stiffness,  inertia  of  moving  parts,  and 
packing  drag  affect  the  stress  rise  rates.  In  addition  to  these  parameters,  the  eccentricity 
and  angular  misalignment  of  the  mountings  in  the  test  fixture  can  seriously  affect  the  stress 
levels  in  the  test  cylinder  and  rod.  The  fit  between  the  pins  and  the  eyes  also  affects  local 
stress  levels.  Unless  all  of  the  above  parameters  are  controlled,  it  is  difficult  to  compare  test 
results  obtained  on  different  cylinders  and  especially  on  different  test  stands. 

2.  Paragraph  4.S.2.2.4  refers  to  “rated  full  flow.  " Commercial  cylinders  are  rarely 
assigned  a rated  flow  in  view  of  the  fact  that  the  flow  rate  depends  on  the  specific 
application.  It  would  appear  more  reasonable  to  specify  the  displacement  wave 
form  to  accompany  Fig.  A- 3. 

As  indicated  in  Chapter  III,  the  pressure  wave  form  will  approximate  a trapezoid,  and 
the  tolerances  on  this  wave  form  should  be  specified.  Since  the  pressure  rise  rate  is  zero  at 
the  beginning  and  at  the  crest  of  a trapezoidal  wave  form,  the  stipulation  " minimum  rate  of 
pressure  rise  shall  be  20,000  psi  per  second”  is,  strictly  speaking,  unattainable. 

“ Malfunction  ” criteria  should  be  described  explicitly.  As  indicated  in  the  general 
remarks,  seals  and  pins  may  require  replacement  in  the  course  of  a test.  It  is  presumed  that 
the  objective  of  the  test  is  to  appraise  the  cylinder  structure  and  not  the  seals  or  pins.  How- 
ever, repairs  to  tie  rods,  end  caps,  and  other  components  which  are  normally  part  of  the 
structural  unit  should  not  be  permitted. 

3.  The  description  of  the  impulse  endurance  test,  as  given  in  Paragraph  4.5. 2. 2. 5,  does 
not  specify  the  test  fixture  to  be  used.  It  is  preferable  to  describe  the  wave  form  to 
be  used  rather  than  to  indicate  a “pressure  rise  rate.  ” Reference  to  “full  flow”  may 
also  be  thereby  avoided. 

Mention  should  be  made  of  the  efforts  of  professional  societies  in  standardizing  appris- 
al  techniques  for  fluid  power  components.  Personnel  of  the  Fluid  Power  Research  Center  are 
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active  participants  in  deliberations  of  the  B93  Ad  Hoc  Committee  of  the  American  National 
Standards  Institute,  dealing  with  pressure  rating  of  fluid  power  components.  Since  some  of 
the  major  technical  issues  under  discussion  have  not  been  resolved,  it  is  difficult  to  visualize 
the  impact  on  standard  test  procedures.  The  National  Fluid  Power  Association  has  issued  two 
draft  recommended  standards  for  pressure  rating  of  hydraulic  cylinders  [Refs.  10  and  11]. 
These  standards  deal,  however,  only  with  the  pressure  containing  envelope  and  will  need  to 
be  appropriately  supplemented  to  allow  for  failure  in  other  parts  of  a hydraulic  cylinder. 
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In  conclusion,  it  must  be  said  that  the  cylinder  evaluation  test  procedures,  as  currently 
drafted,  do  not  permit  the  comparison  of  test  results  from  different  facilities  for  the  following 

reasons,  j yest  SyStem  parameters  are  not  completely  specified.  Simulation  data  presented  in 

Chapters  IV  and  V show  how  stress  rise  rates  can  be  affected  by  test  system  parameters. 

2.  Failure  criteria  are  not  explicitly  indicated.  Comparison  of  stroking  and  impulse  tests, 
for  example,  is  meaningless  unless  the  same  failure  mode  is  specified. 

3.  Statistical  aspects  of  testing  and  data  interpretation  are  completely  absent.  This  gap  is 
serious  in  that  fatigue  failure  is  essentially  a random  phenomenon  and  can  be  realistically 
described  only  in  probabilistic  terms  (i.e.,  using  means,  variances,  confidence  intervals, 
sample  sizes,  and  the  like).  The  drawing  of  conclusions  from  tests  on  single  samples  is 
especially  fraught  with  danger,  since  fatigue  life  of  metallic  parts  can  have  a scatter  extending 
over  an  order  of  magnitude.  The  remendy  is  primarily  twofold:  first,  identify  and  control 
the  test  parameters  as  closely  as  possible  — this  will  reduce  data  scatter;  second,  test  at  least 
five  components  to  failure.  (Five  is  certainly  an  arbitrary  figure,  but  the  information  gathered 
from  any  less  would  exhibit  sample  bias  seriously.) 

Tests  on  heterogeneous  components,  such  as  hydraulic  cylinders,  should  be  mainly  used 
to  validate  assembly  design  rather  than  material  properties.  Possible  modes  of  failure  are  more 
varied  for  assemblies  than  for  material  testing  specimens,  and  test  reports  should  be  thoroughly 
documented  so  that  data  are  not  misused  by  comparison  with  different  failure  modes. 

Since  tests  on  complete  assemblies  (e.g.,  hydraulic  cylinders)  are  generally  of  longer  dura- 
tion than  test  coupons,  the  inclination  to  terminate  tests  once  a number  of  cycles  has  been 
reached  is  understandable.  However,  such  test  data  are  of  no  use  in  building  up  a statistical 
population  on  which  to  base  confidence  intervals,  test  sample  sizes,  etc.  Population  sizes  for 
assembly  testing  are  intrinsically  small,  and  it  is  felt  that  every  effort  should  be  made  to  enlarge 
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them.  In  the  case  of  hydraulic  cylinders,  this  can  be  done  by  testing  cylinders  to  destruction 
rather  than  discontinuing  after  1 ,500,000  cycles  or  so. 
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EXCERPTS  FROM 
{PROPOSED) 

MILITARY  SPECIFICATION 
CYLINDER,  HYDRAULIC,  DOUBLE-ACTING 
2000  PSI  (MAXIMUM) 


1.  SCOPE 

1 . 1 Scope  This  specification  covers  the  2000  psi  double-acting  hydraulic  cylinders  for 
use  on  stationary  and  mobile  equipment. 

1.2  Classification  Hydraulic  cylinders  shall  oe  of  the  following  types  as  specified: 

TYPE  I 1 ,500,000  Duty  Cycles  ( Heavy  Duty) 

TYPE  II  750,000  Duty  Cycles  (Moderate  Duty) 

TYPE  III  60,000  Duty  Cycles  (Light  Duty) 

3.5  Performance  The  cylinder  shall  operate  at  2000  psi  at  all  flows  up  to  rated  flow. 

The  cylinder  shall  perform  as  specified  herein  without  buckling,  bending,  or  leakage. 

3.5.1  Proof  Pressure  The  cylinder  shall  withstand  a minimum  proof  pressure  of  4000 
psi  when  tested  as  specified  in  4.5. 2. 2.1  without  permanent  deformation,  damage, 
or  leakage. 

3.5.2  Piston  Drift  The  piston  shall  drift  a maximum  of  1 inch  per  hour  when  supporting 
a load  generating  2000  psi  hydraulic  pressure  at  an  oil  temperature  of  1 50°  F plus  or 
minus  5°  F. 

3.5.3  Rod  Seal  Leakage  Rod  seal  leakage  shall  not  exceed  1 / 2 cc  per  hour  at  full  stroke 
at  an  oil  temperature  of  150°F  plus  or  minus  5°F  and  a pressure  of  2000  psi. 

3.5.4  Piston  and  Rod  Drag  The  combined  drag  shall  not  exceed  3 psi  per  inch  or  bore 
diameter  for  the  rod  end  and  2 psi  per  inch  of  bore  diameter  for  the  head  end  when 
tested  as  specified  in  4. 5. 2. 2. 3. 

3.5.5  Cyclic  Endurance  The  cylinder  shall  meet  the  performance  requirements  as 
specified  herein  and  shall  show  no  evidence  of  leakage  or  damage  after  having  been 
operated,  as  specified  in  4. 5. 2. 2. 4,  for  one-half  the  number  of  cycles  of  each  type  of 
cylinder. 
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3.5.6  Impulse  Endurance  The  cylinder  shall  meet  the  performance  requirements  as 
specified  herein  and  show  no  evidence  of  leakage  or  damage  after  having  been 
operated,  as  specified  in  4.5. 2. 2. 5,  for  one-half  the  number  of  cycles  of  each  type 
of  cylinder. 

4.5.2. 1 .3  Test  Apparatus  All  test  apparatus  shall  be  accurate  within  limits  specified 
in  Mil-Std-448,  Section  6. 

4.5. 2. 2 Test  Procedure  Typical  test  circuit  is  shown  in  Figs.  A-l  and  A-2. 

4.5. 2. 2.1  Proof  Pressure  Position  and  mechanically  hold  the  piston  at  mid-point  of 
cylinder.  Fill  both  sides  of  piston  with  oil.  With  the  head  end  port  capped,  apply 
an  oil  pressure  of  4000  psi  to  rod  end  of  the  piston  for  30  seconds.  With  the  rod 
end  port  capped,  apply  an  oil  pressure  of  4000  psi  to  head  end  of  the  piston  for 
30  seconds.  Any  evidence  of  external  leakage  or  deformation  shall  constitute 
failure  of  this  test. 

4.5. 2. 2. 2 Piston  Drift  Position  and  hold  the  piston  of  the  cylinder  at  mid-point  of  the 
cylinder.  Fill  both  sides  of  cylinder  with  oil.  Cap  the  head  end  port  and  vent  the  rod 
end  port  to  atmosphere.  Pressurize  the  head  end  of  the  slave  cylinder  to  attain  a 
minimum  of  2000  psi  at  the  head  end  of  the  test  cylinder.  Maintain  this  pressure  for 
1 5 minutes.  Measure  and  record  the  travel  of  the  piston  during  the  1 5 minutes. 

Repeat  above  test  capping  rod  end  port,  venting  the  head  end  port  to  atmosphere,  and 
pressurizing  the  rod  end  of  the  slave  cylinder.  Piston  drift  greater  than  one  inch  per 
hour  shall  constitute  failure  of  this  test. 

4.5. 2. 2. 3 Packing  Drag  Position  the  piston  at  the  mid-point  of  the  cylinder.  Fill  both 

sides  of  the  cylinder  with  oil  and  vent  the  head  end  to  atmosphere.  Gradually  pressurize 
the  rod  end  of  the  cylinder.  Record  the  minimum  pressure  at  which  the  piston  moves 
and  also  the  pressure  required  to  keep  it  in  motion.  Repeat  the  above  test  by  pressuriz- 
ing the  head  end  of  the  cylinder.  Head  end  pressure  exceeding  3 psi  per  inch  bore 
diameter  or  rod  end  pressure  exceeding  2 psi  per  bore  diameter  shall  constitute 
failure  of  this  test. 

4.5. 2.2.4  Cyclic  Endurance  Cycle  the  test  cylinder  in  accordance  with  the  schedule  shown 
in  Fig.  A-3  at  rated  full  flow  and  at  maximum  operating  pressure  for  one-half  the 
number  of  cycles  based  on  classification  of  cylinder  (Sec.  1.2).  Oil  temperature  shall 
be  180°F  plus  or  minus  5°F  during  the  balance  of  test  run.  The  minimum  rate  of 
pressure  rise  shall  be  20,000  psi  per  second.  Upon  completion  of  above  cycling,  repeat 
the  piston  drift  (4. 5. 2. 2. 2)  and  packing  drag  (4. 5. 2. 2. 3)  tests  specified  herein.  Malfunc- 
tion prior  to  completion  of  specified  cycles,  failure  to  meet  the  criteria  set  forth  in  the 
above  specified  tests,  or  evidence  of  external  leakage  or  damage  shall  constitute  failure 
of  this  test. 


2.5  Impulse  Endurance  Position  the  piston  rod  extended  halfway  in  the  test 
cylinder  and  pressurize  alternately  the  cylinder  ports  at  a rate  of  30  cycles  per 
minute  with  a pressure  rise  rate  greater  than  20,000  psi  per  second.  Cycle  the  test 
cylinder  at  full  flow  and  at  maximum  operating  pressure  for  one-half  the  number 
of  cycles  based  on  the  classification  (Sec.  1.2).  Upon  the  completion  of  the  above 
cycling,  repeat  the  piston  drift  and  packing  drag  tests  specified  herein.  Malfunction 
prior  to  completion  of  specified  cycles,  failure  to  meet  the  criteria  set  forth  in  the 
above  specified  tests,  or  evidence  of  external  leakage  or  damage  shall  constitute 
failure  of  this  test. 


FIGURE  A-l  TYPICAL  TEST  SETUP  FOR  ENDURANCE  TESTING. 


CYLINDER  UMJER  TEST  SLAVE  CYLINDER 


FIGURE  A-2  TYPICAL  TEST  SETUP  FOR  LEAKAGE  AND 
PACKING  DRAG  DETERMINATIONS  I 


TEST  REPORTS  ON  HYDRAULIC  CYLINDER 


ENDURANCE  AND  IMPULSE  TESTING 


TEST 

REPORT 

OSU 

NO. 

NO. 

TITLE 

325 

324 

1000 

REPORT  OF  EVALUATION  TEST  OF:  HYDRAULIC 
CYLINDERS;  Volume  1;  Caterpillar  & International 
Harvester;  3 Copies 

251 

1001 
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1 Copy 
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Buchanan,  Michigan;  1 Copy 
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RETAINING  RING  FAILURE  FOR  20  TON  ROUGH 
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EVALUATION  OF  PROTECTIVE  BOOTS  FOR  20  TON 
ROUGH  TERRAIN  CRANE;  Volume  1;  1 Copy 
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EVALUATION  OF  COMPONENTS  FOR  HYDRAULIC 
CONTROL  CYLINDER,  20  TON  ROUGH  TERRAIN 
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Fort  Wayne,  Indiana;  1 Copy 
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FOREWORD 

I 

This  section  presents  a detailed  account  of  the  project  activities  in  the  area  of  hydraulic 
noise.  Specific  test  procedures  are  recommended  for  determining  the  fluidborne  noise  genera- 
tion potential  of  hydraulic  pumps  and  the  acoustical  performance  characteristics  of  fluidborne 
noise  attenuators.  Experimental  data  are  shown  to  indicate  typical  results  that  are  obtained 
with  the  proposed  test  codes. 
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CHAPTER  I 
INTRODUCTION 


Three  types  of  noise  occur  in  fluid  power  systems  — fluidborne  noise,  struct ureborne 
noise,  and  airborne  noise.  Hydraulic  components  generally  generate,  transmit,  or  radiate 
one  or  more  of  these  noise  forms.  The  control  of  fluid  power  system  noise  requires  assessing 
the  acoustical  performance  of  system  components  and  using  the  resulting  information  to 
construct  the  system  in  an  optimal  fashion  to  achieve  the  quietest  possible  configuration. 

Table  1-1  [1]  shows  the  acoustical  characteristics  of  hydraulic  components  which  should 
be  assessed  and  reported  to  a system  designer  to  allow  the  proper  acoustical  design  of  fluid 
power  systems.  The  "stars"  in  Table  1-1  indicate  those  assessments  that  are  considered  to  be 
the  most  important.  As  indicated  in  the  table,  test  codes  are  available  for  measuring  the  air- 
borne noise  emitted  by  pumps  and  motors.  The  objective  of  this  study  is  the  development  of 
industrially  acceptable  test  procedures  for  evaluating:  (1)  the  fluidborne  noise  generation 
characteristics  of  hydraulic  pumps,  and  (2)  the  fluidborne  noise  reduction  characteristics  of 
pressure  ripple  attenuators. 

The  project  plan  of  attack  for  the  reporting  year  was: 

1.  Obtain  data  to  assist  in  the  development  of  a procedure  for  measuring  the 
fluidborne  noise  generation  potential  of  a hydraulic  pump.  Transmit  that 
data  to  appropriate  pump/motor  standards  committees  of  NFPA. 

2.  Prepare  a test  procedure  for  determining  the  effectiveness  of  fluidborne 
noise  attenuators.  Obtain  data  using  the  procedure. 

Implementation  of  this  plan  produced  excellent  progress  in  both  of  the  target  areas.  The 
following  chapters  delineate  the  results  of  this  year’s  study  of  both  pumps  and  fluidborne 
noise  attenuators,  present  two  recommended  procedures,  and  show  specific  test  results  obtained 
with  the  recommended  procedures. 
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TABLE  1-1.  REQUISITE  ACOUSTICAL  CONSIDERATIONS  FOR  ESTABLISHING  FLUID 
POWER  COMPONENT  EVALUATIONS  [1 1. 
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CHAPTER  II 


PUMP  FLUIDBORNE  NOISE  GENERATION  POTENTIAL 

The  fluidborne  noise  generated  by  fluid  power  pumps  has  been  discussed  in  several 
papers  over  the  past  five  years  [2,  3,  4,  5].  Ichikawa  and  Yamaguchi  [2]  developed  a model 
for  the  variation  in  flow  and  pressure  (FBN)  generated  by  a gear  pump.  From  the  data  given, 
the  model  proved  satisfactory  for  predicting  the  How  ripple  of  the  gear  pump.  They  consider 
the  leakage  (or  source)  impedance  in  calculations  to  determine  the  pressure  ripple  delivered  to 
the  line. 

Willikens  [3)  presents  a model  for  a gear  pump  and  presents  data  to  support  his  model. 


He  also  shows  that  the  pressure  ripple  measured  is  dependent  on  both  the  flow  ripple  generat- 
ed by  the  pump  and  the  leakage  impedance  of  the  pump. 

References  [4]  and  [5]  both  consider  ways  of  rating  and  measuring  the  How  ripple  of 
hydraulic  pumps.  Ref.  [4]  attempts  to  make  a case  for  rating  pumps  on  the  basis  of  pressure 
ripple  for  a zero  length  outlet  condition.  This  is  accomplished  by  placing  a valve  next  to  the 
pump,  within  1 /20  of  the  wave  length  of  interest,  and  installing  a pressure  transducer  between 
the  pump  outlet  and  the  valve. 

Unruh  [5,  p.  2)  recognizes  the  need  to  ultimately  relate  the  measured  pressure  ripple 
back  to  the  flow  ripple  of  the  pump.  He  states  "...  the  basic  phenomenon  which  actually 
needs  to  be  established  for  determining  the  fluidborne  noise  characteristics  of  a pump  is  the 
amount  of  flow  ripple  that  a pump  generates  due  to  its  inherent  construction  characteristics 


A pump  is  analogous  to  a constant  current  source  in  an  electrical  circuit.  The  pump  will 
deliver  a constant  flow  ripple  to  the  system  at  a given  operating  condition.  Just  as  the  load  on 
a constant  current  source  determines  the  voltage  in  the  circuit,  so  the  load  conditions  on  a fluid 
power  pump  will  determine  the  magnitude  of  the  pressure  ripple  in  the  system.  One  other 
similarity  between  a constant  current  source  and  a pump  is  that  both  have  some  internal  or 
source  impedance.  For  a pump,  the  source  impedance  will  depend  on  the  geometry  (or  volume) 
of  the  pump  casing  and  the  amount  of  leakage  flow  [2,  3) . 

The  two  important  parameters  in  defining  an  electrical  current  source  are  the  strength 
of  current  and  the  source  internal  impedance.  Similarly,  for  a hydraulic  pump,  the  inherent 
flow  ripple  of  the  pump  and  the  source  impedance  are  needed.  A general  approach  for  evalu- 
ating these  parameters  of  fluid  power  pumps  is  discussed  in  the  next  section. 


PROPOSED  TEST  PROCEDURE 

There  are  two  basic  environments  in  which  a hydraulic  pump  can  be  tested  for  fluidborne 
noise.  These  are  anechoic  and  reverberant  environments. 


An  anechoic  environment  would  be  an  environment  in  which,  ideally,  there  would  be 
no  reflections.  The  noise  in  the  fluid  would  propagate  down  the  tube  and  not  be  reflected. 
Since  fluid  power  pumps  have  a wide  range  of  pumping  frequencies,  an  anechoic  termination 
needs  to  be  “non-reflecthe”  over  a wide  range  of  frequencies. 

The  difficulty  in  obtaining  a true,  non-reflective  termination  has  been  discussed  by  Hey- 
mann  [6] . He  states  ...“It  is  ...  difficult  to  obtain  a practical  reflection-free  termination  in 
liquid  systems,  most  approaches  realize  at  best  a termination  in  which  reflections  near  the 
filter  are  weak...  " 
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The  basic  concept  of  measuring  pump  pressure  ripple  in  an  anechoic  environment  is 
shown  in  Fig.  2-1.  In  Fig.  2-1,  a pump  is  connected  to  an  anechoic  termination  ahead  of  the 
system  load  valve.  If  there  are  no  reflections  at  the  termination,  then  the  pressure  at  any 
point  in  the  hydraulic  line  will  be  the  same,  since  there  will  be  no  standing  waves. 

Flow  Ripple 

For  the  case  shown  in  Fig.  2-1,  the  impedance  at  any  point  in  the  line  is  just  the  charac- 
teristic impedance,  Zq  . Thus,  the  flow  ripple  from  the  pump  is  related  to  the  pressure  as: 


Q = P/Zo 


(2-1) 


where:  P = measured  pressure  ripple 

Zq  = characteristic  impedance  of  the  line  = pC/S 

p = density  of  the  fluid 

C = sonic  velocity 

S = cross-sectional  flow  area 


However,  as  mentioned  previously,  a truly  anechoic  termination  can  only  be  approached 
in  liquid  systems.  Since  there  will  be  small  reflections,  the  easiest  way  to  measure  the  incident 
pressure  is  by  the  use  of  multiple  transducers. 

With  multiple  transducers  [7],  the  standing  wave  ratio  can  be  measured  and  the  reflec- 
tion factor  of  the  termination  deduced.  (See  Fig.  2.)  The  standing  wave  ratio  is  given  by: 


SWR 


P 

max 


/ p 


m in 


The  magnitude  of  the  reflection  factor  of  the  termination  is: 


R = | pt  | = SWR-  1 / SWR  + 1 


(2-3) 


In  order  to  be  classified  as  an  “anechoic”  termination  for  engineering  purposes,  the  value 
of  the  reflection  factor  should  not  exceed  0.23.  This  corresponds  to  a standing  wave  ratio  of 
1.6  or  approximately  4 dB. 


With  the  reflection  factor  known,  the  value  of  the  incident  pressure  ripple  can  be  deter- 
mined. This  is  given  by: 


P 

max 


/(I  + R) 


(2-4) 


From  the  incident  pressure,  Pt,  the  value  of  the  flow  ripple  from  the  pump  can  be  determined 
with  Eq.  (2-1). 

One  approach  to  constructing  an  anechoic  termination  is  to  use  very  long  lengths  of  line 
so  that  the  pressure  ripple  is  eventually  dissipated  as  it  travels  down  the  line.  For  pipe  dia- 
meters of  one  inch  and  flows  above  3.5  gpm,  a hydraulic  circuit  line  length  of  between  100- 
200  feet  is  required.  For  larger  diameters,  the  length  required  will  be  longer,  since  the  friction- 
al dissipation  will  decrease.  Also,  for  larger  flows,  the  length  of  line  required  will  decrease  as 
the  flow  increases.  Generally,  as  the  frequency  increases,  the  length  required  should  decrease. 
The  dissipation  term  is  thus: 


D 

= F (d,  Q,  0 

where: 

D 

= 

dissipation  term 

d 

= 

pipe  diameter 

0 

= 

flow 

f 

= 

frequency 

(2-5) 
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Using  an  anechoic  termination,  the  flow  ripple  from  the  pump  can  be  determined.  However, 
to  evaluate  the  impedance  of  the  pump,  another  test  must  be  performed  in  which  a known 
impedance  load  is  inserted  in  the  circuit  similar  to  Fig.  2-1 . 


For  Fig.  2-1,  the  pressure  at  any  point,  d (from  the  load),  in  the  circuit  is  given  by: 


P e-?L 


where: 


(e^  +pt  e-K) 

0 - P,Pt  e'?  ,L) 


pressure  that  would  occur  in  an  anechoicly  terminated 
system  with  the  same  characteristic  line  impedance 

termination  reflection  factor 

distance  from  pump  to  the  load 

source  reflection  factor 

propagation  coefficient 


Impedance 

Now  the  pressure,  P(d),  can  be  measured  at  various  points  in  the  system.  PQ  was  measur- 
ed using  the  anechoic  termination.  pt  is  known  as  well  as  L,  7,  and  d.  Thus,  Eq.  (6)  can  be 
rewritten  to  solve  for  p : 


(1  - (e?-1  +pt  e-T'-*)) 

P(d)  p. 


So, both  the  flow  ripple  and  source  impedance  of  the  pump  can  be  determined  by  semi- 
empirical  techniques.  The  source  reflection  factor,  p„,  can  be  converted  to  the  source 
impedance  with  the  following  equation: 

z.  = z0  (1  + P,  / 1 - P.)  (2-i 


where : 


source  impedance 
characteristic  line  impedance 


TEST  RESULTS 

The  procedure  outlined  in  this  report  for  measuring  the  flow  ripple  of  a hydraulic  pump 
requires  the  use  of  an  anechoic  termination.  This  section  presents  the  results  of  an  evaluation 
of  an  anechoic  termination  and  the  results  of  pump  flow  ripple  measurements  using  the  quali- 
fied termination. 


Anechoic  Termination 


Plotted  in  Fig.  2-2  is  the  reflection  factor  for  the  anechoic  termination  as  a function  of 
frequency.  Pressure  measurements  were  taken  with  six  stationary  pressure  transducers  for 
the  two  different  configurations. 


The  largest  experimental  value  for  R was  0. 1 76  at  167  Hz.  In  all  cases,  the  value  of  R 
was  below  the  maximum  allowable  value.  The  reflection  factor  is  just  an  indication  of  the  a- 
mount  of  the  initial  pressure  wave  reflected  back  upstream.  In  terms  of  power,  a maximum 
of  3.1%  was  reflected. 


The  reflection  factor  of  the  anechoic  termination  would  decrease  for  longer  lengths 
of  line.  In  such  a case,  the  frictional  dissipation  would  increase,  thus  decreasing  the  ampli- 
tude of  a reflected  wave. 

The  particular  anechoic  termination  used  for  these  tests  was  only  evaluated  at  frequenc- 
ies up  to  400  Hz.  Since  the  frictional  dissipation  term  is  a function  of  frequency,  the  reflection 
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factor  should  decrease  as  the  frequency  increases.  The  molecular  dissipation  ot  acoustic 
waves  also  increases  as  a function  of  frequency. 

At  this  point,  it  may  seem  that  two  contradictory  things  are  occurring.  One,  we  are 
wanting  to  measure  the  pressure  ripple  in  a line  ar.J  assuming  no  friction.  Two,  we  are 
depending  on  friction  to  dampen  the  incident  wave  enough  so  that  the  reflection  (actor  will 
be  small.  The  measurement  position  should  be  as  close  as  possible  to  the  pump  so  that  the  etlect 
of  dissipation  from  the  pump  to  the  transducers  is  minimal.  It  is  assumed  that  the  transducer 
section  of  pipe  is  relatively  short  compared  to  the  overall  length  ol  the  line  needed  to  obtain 
an  anechoic  termination.  Thus,  the  frictional  loss  can  be  assumed  small  compared  to  the 
whole  length  of  the  system.  Frictional  dissipation  is  used  to  its  fullest  by  dissipating  the  wave 
after  it  has  passed  the  test  circuit;  thus,  when  it  reflects,  the  reflection  is  dissipated  to  such  an 
extent  that,  by  the  time  it  reaches  the  measurement  section,  it  is  small  compared  to  the  inci- 
dent wave  from  the  pump. 


Pump  Flow  Ripple 

Fig.  2-3  shows  a plot  of  the  RMS  flow  ripple  versus  speed  of  Pump  OSU-NP-4  for  the 
first  two  harmonics.  The  flow  ripple  is  zero  at  zero  RPM  and,  theoretically,  should  increase 
linearly  as  the  speed  of  a gear  pump  is  increased.  The  theoretical  value  of  the  pump  flow 
ripple  was  calculated  from  the  equation  given  by  Ichikawa  and  Yamaguchi  [2] : 


= a cos  mwt 

m 

where: 

am  = 

4 b R 2 w / m2  n 

e o 

b 

gear  face  width 

m = 

harmonic  number 

n = 

number  of  teeth 

w = 

O 

2ttN 

IM  1 


o 

ifl 

0 

\n 

o 

r— 

0> 

vS 

II 

II 

( 

h 

ID- 

3 

0 


I 

a. 

1. 

i 


r 

i % 

o 0 


<0 

o 


>9 

6 


\0 

d 


3"ida\a  rwu  sia^ 


11-12 


T 


Fig.  2-3.  OSU-NP-4  Flow  Ripple  Versus  Pump  Speed  Showing  Comparison  Between  Theoretical  and  Experimentally  Derived  Values. 
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The  RMS  value  of  the  flow  ripple  at  any  particular  harmonic  will  just  be: 


Theoretical  flow  ripples  for  OSU-NP-4  are  shown  in  Table  2-1. 


(2-10) 


The  experimental  value  of  the  flow  ripple  was  obtained  by  measuring  the  pressure  ripple 
and  converting  the  pressure  ripple  to  flow  ripple  using  Eq.  (2-1).  Fig.  2-3  indicates  that  the 
fluidbome  noise  generated  at  the  fundamental  pumping  frequency  is  significantly  greater  than 
that  at  the  other  harmonics.  For  instance,  the  first  harmonic  RM  " flow  ripple  for  OSU- NP- 
4 was,  on  the  average,  larger  than  the  second  harmonic  by  a factor  of  5.  Theoretically,  the 
first  harmonic  should  be  4.00  times  larger  than  the  second  harmonic. 


Pump  Induced  Pressure  Measurements  in  a Non-Anechoic  Environment 

Appendix  E contains  data  which  were  taken  for  a pump  with  different  line  impedances. 
The  data  in  Appendix  E vividly  illustrate  that  the  pressure  ripple  at  a given  distance  from  the 
pump  outlet  is  significantly  affected  by  the  characteristics  of  the  device  loading  the  pump. 
Since  theory  [8]  and  experiment  both  indicate  that  fluidborne  noise  measurements  are  sensi- 
tive to  the  termination  impedance,  it  should  be  clear  that  any  test  procedure  must  carefully 
control  the  system  load  impedance  to  insure  adequate  test  code  reproducibility. 
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TABLE  2 1.  THEORETICAL  FLOW  RIPPLE  FOR  OSU-NP-4  FOR  TEST  CONDITIONS  SHOWN  IN 
FIG.  2-3. 


N 

HARMONIC 

PREDICTED 
q rms 

800 

1 

0.2118 

500 

1 

0.353 

600 

1 

0.424 

750 

1 

0.529 

1000 

1 

0.706 

1200 

1 

0.847 

300 

2 

0.0529 

500 

2 

0.0883 

600 

2 

0.106 

750 

2 

0.132 

1000 

2 

0.176 

12000 

2 

0.211 

INDUSTRIAL  INTERACTION 

Project  personnel  have  continued  to  interact  with  industry  in  the  area  of  fluidborne 
noise.  During  the  project  year,  personnel  attended  three  national  fluidborne  noise  standard 
meetings.  The  results  of  the  pump-induced  pressure  measurements  in  non-anechoic  environ- 
ments were  shared  with  the  NFPA  committee  working  on  pump  fluidborne  noise  generation 
potential  (NFPA  T3.9.24).  In  conjunction  with  project  work  with  the  NFPA,  arrangements 
have  been  made  with  a prominent  pump  manufacturer  to  provide  three  pumps  for  fluidborne 
noise  evaluation.  These  units  will  be  used  for  ''round-robin”  evaluations  of  the  procedure 
proposed  by  the  committee. 

SUMMARY 

After  considering  test  systems,  instrumentation,  and  data  analysis,  it  appears  most 
practica1  to  use  an  anechoic  environment  for  obtaining  experimental  data  to  evaluate  the 
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fiuidborne  noise  generation  potential  of  a hydraulic  pump.  Since  all  of  the  pumps  evaluated 
at  the  Fluid  Power  Research  Center  have  shown  the  trend  of  higher  flow  ripple  at  higher 
speeds,  it  is  reasonable  to  expect  that  a number  based  on  experimental  results  can  be  assigned 
to  the  coefficient  a of  Eq.  (2-9).  This  means  that  it  appears  rational  to  use  a single  number 

m 

rating  at  a specific  outlet  mean  pressure  to  describe  the  flow  ripple  characteristics  of  a hy- 
draulic pump.  This  single  number  would  not  reflect  the  output  impedance  of  the  pump. 

The  question  of  evaluating  the  impedance  of  the  pump  is  being  considered  experimentally 
and  will  be  discussed  in  the  next  quarterly  report.  The  test  procedure  shown  in  Appendix  A 
provides  the  basis  for  a practical  means  of  evaluating  the  fiuidborne  noise  generation  potential 
of  a hydraulic  pump. 
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CHAPTER  III 


FLUIDBORNE  NOISE  ATTENUATOR  EVALUATION 


The  acoustic  power  How  per  unit  of  area  in  an  infinitely  long  pipe  is  the  rms  pressure, 
p,  times  the  rms  particle  velocity.  The  rms  particle  velocity  is  p/Z,  where  Z is  the  character- 
istic impedance  of  the  pipe  which  is  defined  as  pC/S,  with  S being  the  cross-sectional  area  of 
the  pipe.  The  power  in  the  pipe  is  [7] : 

W = S p2/pC  (3- 


Infinitely  long  lines  seldom  exist  in  field  hydraulic  systems,  so  there  is  usually  a right 
traveling  wave,  (S  p(2/pC),  and  a left  traveling  wave,  (S  pr2/pC).  The  net  power  flow  is: 

Wnet  = (S/pC)  (Pj2  - pr2)  (3 

where  p.  and  pt,  respectively,  are  associated  with  the  incident  and  reflected  pressure  waves. 
Eq.  (3-2)  can  be  shown  to  be  equivalent  to: 


(S/pC)(p  )(p  . ) 

v i r / vi  max'  vtm  in  ' 


where  Pmaxis  the  maximum  pressure  (rms)  in  the  line  and  Pmjn  is  the  minimum  pressure  in 
the  line.  The  ratio  p /p  . is  defined  as  the  standing  wave  ratio  (SWR).  The  following 

max  min  ° 

equations  show  relationships  between  SWR,  p pr,  pmax,  and  Pm  jn : 


P / P 

r m a x 1 m in 


(p,  + pr)  / (p,  - pr) 


or  rearranging: 


•t  t-  .rsBF 


(SWR  - i)  /(SWR  + i) 


(3-5) 


IV  P, 


(p„  - p . )/(p  + p . ) 

fmax  'min  'max  ‘min' 


Since  p - p -p  , Eq.  (3-5)  can  be  rewritten  in  terms  of  p , p , and  p . yielding 

* max*  min  ri  *'  ° 


Pi  = (Pm.x +Pmi„)/2 


(3-6) 


If  Pm in  <<:  Pmax’ then  Pi  is  Just  P max/2.  When  the  reflection  factor,  R,  is  large,  pmin/ 


Pm  a x %0- 


PROPOSED  TEST  PROCEDURE 

A test  code  for  the  evaluation  of  fluidborne  noise  attenuators  should  consider  the  follow- 
ing characteristics:  transmission  loss,  input  impedance,  output  impedance,  and  flow  resistance. 
The  transmission  loss  indicates  how  much  of  the  incident  pressure  ripple  is  emitted  at  the  out- 
let of  the  attenuator.  The  input  impedance  indicates  how  much  of  the  incident  pressure  is 
reflected  by  the  attenuator  toward  the  source.  The  output  impedance  indicates  what  percent- 
age of  the  pressure  incident  on  the  attenuator  outlet  is  reflected  back  to  the  downstream 
portion  of  the  system.  The  flow  resistance  of  the  attenuator  indicates  the  power  dissipated 
by  a given  value  ot  mean  flow  through  the  unit.  These  four  characteristics  adequately  define 
the  performance  characteristics  needed  to  acoustically  rate  the  attenuator  and  to  compare  the 
power  dissipated  by  the  attenuator  relative  to  the  acoustical  effectiveness  of  the  unit. 


Transmission  Loss 

Eig.  3-1  shows  the  relationship  between  p(  and  pr  in  a section  of  conduit  connected  to 
a fluidborne  noise  attenuator.  Extending  the  same  concept  to  the  pipe  downstream  of  the 
attenuator  gives  a relationship  for  the  transmitted  pressure,  pt.  and  the  reflected  pressure. 
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Fig.  >1 . Definition  of  Transmission  Loss  and  Relationship  Between  Energy  Flows  to  and 
fron  an  FBN  attenuator. 
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p , in  the  downstream  pipe.  One  performance  parameter  for  the  attenuator  is  transmission 
loss: 


TL  = 101ogio  (W,/Wt)  (3-7) 

If  the  areas  of  the  upstream  and  downstream  conduits  are  equal  and  the  system  has  equal 
densities  and  sonic  velocities  in  both  sections,  then  it  follows  that: 

TL  = 101°gio  (Si  P,2^iCi>(^2C2/S2  P«2)  0-8) 

TL  = 10  1og10(Pi2  /Pt2) 

TL  = 20  log1Q  (p.  / pt) 

Thus,  the  transmission  loss  can  be  determined  by  evaluation  of  experimental  data  using 
Eqs.  (3-6)  and  (3-8). 


Input  Impedance 

Ignoring  phase  relationships  for  this  report,  we  can  consider  only  the  real  part  of  the 
input  impedance  of  the  attenuator  that  is  the  absolute  value  reflection  coefficient,  the  reflec- 
tion factor,  R.  The  reflection  factor  is  pr/p1.  R can  be  evaluated  using  Eq.  (3-5).  The  data 
for  evaluating  the  input  reflection  factor  is  the  same  data  used  to  evaluate  the  transmission 
loss. 


Output  Impedance 

If  the  attenuator  will  accept  flow  through  the  unit  from  either  direction,  it  is  possible 
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to  evaluate  the  output  impedance  using  the  output  reflection  tactor,  R(j.  The  data  lor  calcu- 
lating Ro  is  obtained  by  inverting  the  attenuator  in  the  test  circuit  and  obtaining  the  necessary 
measurements  by  repeating  the  test  procedure  used  lor  obtaining  the  transmission  loss  and 
the  input  impedance. 

If  the  pressure  drop  through  the  attenuator  is  less  than  or  equal  to  an  equivalent  length 
of  tubing,  then  the  attenuator  is  essentially  non-dissipative.  For  non-dissipative  units,  pt2  = 
p.2  - pr2,  and  Eq.  (3-8)  can  be  rewritten: 


TL  = 

10  log10  (p,2  / (p,2  - Pr2) ) 

(3-9) 

TL  = 

101oglo  (1  /(I  - R2)) 

Thus,  the  magnitude  of  the  reflection  factor  for  non-dissipative  elements  can  be  written  in  terms 
of  theTL: 

R2  = 1 — 1 0 ( T L / 1 0 ) (3_10) 


Pressure  Drop 

The  efficiency  of  the  attenuator  can  be  evaluated  by  ratioing  the  attenuation  of  the 
unit  to  the  pressure  drop  of  the  unit  at  the  desired  flow.  To  obtain  an  estimate  of  the  effici- 
ency of  the  attenuator, data  are  needed  which  show  the  pressure  drop  versus  How  of  the 
unit.  These  data  can  be  obtained  using  any  acceptable  test  procedure. 


Frequency  Range 

One  objective  of  using  a fluidborne  noise  attenuator  is  to  reduce  the  amplitude  of 
system  pressure  ripple  at  the  pumping  frequency.  Since  most  conventional  pumps  have 


between  9 and  1 5 pumping  elements  (n)  and  are  usually  operated  above  600  revolutions  per 
minute  (rpm)  (N)  but  at  or  below  2500  rpm,  the  fundamental  pumping  frequency  range  is. 

fj  = Nn  / 60  (3-1 1 ) 

f,  = (600)  9/60  = 90  Hz. 

lo  w 

f . = (2500)  15/60  = 625  Hz. 

high 

The  proposed  procedure  states  that  the  first  three  pumping  harmonics  are  to  be  measured, 
which  will  easily  accommodate  a frequency  range  of  interest  between  100  Hz.  and  1000  Hz. 
This  will  allow  testing  to  be  conducted  in  the  average  fluid  power  laboratory,  using  maximum 
pump  speeds  in  the  vicinity  of  2300  rpm  for  a pump  with  nine  pumping  elements,  thus  provid- 
ing information  about  the  attenuator  over  a frequency  range  which  is  important  to  the  largest 
number  of  users. 

Because  the  pressure  level  at  the  fundamental  pumping  frequency  is  usually  more  repeat- 
able  than  the  levels  at  higher  harmonies  and  because  most  attenuators  will  probably  respond 
best  to  the  highest  pressure  level  in  the  system,  it  is  recommended  that  data  for  attenuator 
evaluation  be  taken  at  the  first  tliree  pumping  frequencies.  Data  at  individual  frequencies 
are  obtained  by  varying  the  pump  speed.  At  a minimum,  the  procedure  requires  measuring 
attenuator  performance  at  the  eleven  third-octave  frequencies  between  100  and  1000  Hz. 


TEST  RESULTS 

The  attenuator  selected  for  evaluation  was  an  expansion  chamber,  which  is  a device  witn 
an  increase  in  diameter  at  the  inlet  and  a corresponding  reduction  in  diameter  at  the  outlet. 
The  unit  chosen  for  test  was  symmetric.:'1,  as  described  in  Appendix  F.  The  unit  was  tested 
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tor  attenuation  characteristics,  input  impedance,  and  flow  resistance.  T he  results  ot  the  tests 
are  described  in  the  following  paragraphs. 


Anechoic  Termination 


The  same  anechoic  termination  was  used  for  both  the  pump  tests  and  the  attenuator 
tests.  The  results  of  the  evaluation  of  the  anechoic  termination  are  shown  in  Fig.  2-2. 

Fig.  3-2  shows  the  circuit  used  for  evaluation  of  the  attenuator. 


Input  Impedance 

Fig.  3-3  shows  the  reflection  factor  for  the  input  to  the  expansion  chamber.  The 
values  for  the  reflection  factor  were  obtained  using  the  transmission  loss  and  Eq.  (3-10). 
Since  the  unit  is  symmetrical,  tests  were  not  conducted  on  the  output  impedance,  which 
would  be  the  same  as  the  input  impedance.  The  results  ot  the  pressure  drop  versus  flow 
show  that  the  assumption  of  the  unit  being  non-dissipative  is  valid  tor  the  flow  range 
examined. 


Transmission  Loss 

Fig.  3-4  compares  the  results  of  the  transmission  loss  evaluation  with  the  theoretical 
transmission  loss  for  the  expansion  chamber.  The  data  scatter  shown  in  Fig.  3-4  emphasize 
the  need  for  averaging  several  evaluations  at  a given  frequency  to  get  a better  estimate  of 
the  mean  value  of  the  transmission  loss.  The  procedure  recommended  for  evaluating  the 
transmission  loss  requires  taking  three  sets  of  data  at  each  frequency  and  reporting  the 
average  value  of  the  transmission  loss.  The  transmission  loss  values  shown  in  Fig.  3-4  are 
for  first,  second,  and  third  harmonics  of  the  fundamental  pumping  frequency. 
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Fig.  J4.  Experimental  Transmission  Loss  Based  on  Calculated  Upstream  Vs.  Frequency  Incident  Pressure  and  Transmitted  Pressure. 


Pressure  Drop 


Fig.  3-5  illustrates  the  results  of  the  flow  resistance  evaluation  with  the  expansion  chamber 
studied  for  this  report.  Since  the  pressure  drop  did  not  exceed  0.06  BAR,  the  assumption  of 
the  unit  being  non-dissipative  for  calculating  the  reflection  factor  using  transmission  loss  is  valid. 


INDUSTRIAL  INTERACTION 

Industrial  interaction  in  the  area  of  fluidborne  noise  attenuators  for  this  project  year  was 
limited  to  the  presentation  of  a paper  co-authored  with  Mr.  S.  E.  Wehr  of  U.S.  Army  MERAD- 
COM.  The  SAE  paper,  "Fluidborne  Noise  Attenuator  Performance  Evaluation,”  [7]  was  well 
received.  Feedback  from  interested  members  of  industry  provided  guidance  which  has  enhanc- 
ed the  procedure  and  made  it  more  functional. 


SUMMARY 

The  proposed  test  procedure  for  evaluating  the  performance  of  fluidborne  noise  attenuat- 
ors has  intentionally  been  written  without  a great  amount  of  detail.  The  procedure,  which  is 
based  on  knowledge  gained  during  this  project  year,  needs  to  be  validated.  It  appears  that  the 
general  refinements  will  yield  more  reproducible  results.  Once  it  is  shown  that  the  standard 
deviation  of  the  test  results  is  reduced  to  an  acceptable  level,  the  procedure  needs  to  be  more 
explicitly  outlined  and  presented  to  industry  for  evaluation.  One  area  that  needs  to  be 
carefully  outlined  is  the  computational  procedure  for  reducing  the  raw  experimental  data  to 
p and  p . . 

'max  'min 
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Fig.  3-5.  Pressure  Drop  Versus  Flow  for  Expansion  Chamber  OSU-FA-17. 


Pressure  Drop 


Fig.  3-5.  illustrates  the  results  of  the  flow  resistance  evaluation  with  the  expansion  chamber 
studied  for  this  report.  Since  the  pressure  drop  did  not  exceed  0.06  BAR,  the  assumption  of 
the  unit  being  non-dissipative  for  calculating  the  reflection  factor  using  transmission  loss  is  valid. 
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ed the  procedure  and  made  it  more  functional. 


SUMMARY 

The  proposed  test  procedure  for  evaluating  the  performance  of  fluidborne  noise  attenuat- 
ors has  intentionally  been  written  without  a great  amount  of  detail.  The  procedure,  which  is 
based  on  knowledge  gained  during  this  project  year,  needs  to  be  validated.  It  appears  that  the 
general  refinements  will  yield  more  reproducible  results.  Once  it  is  shown  that  the  standard 
deviation  of  the  test  results  is  reduced  to  an  acceptable  level,  the  procedure  needs  to  be  more 
explicitly  outlined  and  presented  to  industry  for  evaluation.  One  area  that  needs  to  be 
carefully  outlined  is  the  computational  procedure  for  reducing  the  raw  experimental  data  to 
p and  p . . 
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Fig.  3-5.  Pressure  Drop  Versus  Flow  for  Expansion  Chamber  OSU-FA-17. 


CHAPTER  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 


Both  of  the  proposed  test  procedures  have  been  tested  in  the  laboratory  and  modified 
to  incorporate  the  results  of  the  experimental  validation  as  well  as  the  inputs  from  industry. 

Both  procedures  form  valid  nuclei  for  industrially  acceptable  test  codes. 

The  test  code  for  evaluating  the  fluidborne  noise  generation  potential  of  hydraulic 
pumps  is  based  on  the  use  of  an  anechoic  termination  in  the  hydraulic  load  system.  This 
recommendation  does  not  preclude  the  use  of  a procedure  which  requires  the  use  of  a non- 
anechoic  termination  in  the  test  system.  However,  there  are  two  important  recommendations 
relative  to  the  use  of  a non-anechoic  termination  for  testing  fluid  power  pumps.  First,  since 
data  generated  using  the  anechoic  termination  is  much  easier  to  handle  mathematically  and 
can  easily  lead  directly  to  a specific  characteristic  of  the  tested  unit,  it  seems  more  desirable 
to  first  develop  a procedure  using  the  anechoic  termination,  then  work  on  the  development 
of  a procedure  using  non-anechoic  terminations.  Second,  any  procedure  which  uses  a non- 
anechoic  termination  should  have  a validated  conversion  procedure  to  yield  the  same  information 
that  would  be  obtained  using  an  anechoic  termination;  that  is,  the  unique  characteristic  of  the 
pump  called  the  flow  ripple. 

For  both  test  procedures,  the  mathematical  manipulation  of  the  experimental  data  could 
be  programmed  on  a computer  or  at  least  clearly  outlined  to  allow  personnel  unfamiliar  with 
the  computation  procedures  to  obtain  the  desired  performance  characteristics. 

For  all  fluidborne  noise  measurements  and  predictions  in  hydraulic  systems,  a note  of 
caution  should  be  observed  regarding  the  magnitude  of  the  oscillatory  pressures,  which  are 
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usually  significant  relative  to  the  mean  pressure  levels.  Nonlinearities  resulting  because  of 
the  high  noise/mean  pressure  ratios  will  become  more  evident  as  we  gain  more  knowledge  in 
this  area.  They  may  not  be  a major  concern. 


Both  of  the  proposed  procedures  should  be  pursued  to  completion.  Both  procedures 
are  only  a few  steps  away  from  a complete  package  that  can  be  critiqued  by  industry. 
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APPENDIX  A 


PUMP  FLUIDBORNE  NOISE  TEST  PROCEDURE 


1.  Mount  pump  and  pressure  transducers  with  anechoic  termination.  (See  Fig.  2-1 .) 

2.  Test  anechoic  termination: 

a.  Set  mean  system  pressure  to  maximum  rating. 

b.  Insure  that  the  range  of  dB  readings  < 4 dB  at  each  frequency  over 
the  desired  frequency  range. 


3.  Measurement  of  pump  flow  ripple: 

a.  After  establishing  condition  2(b),  test  the  pump  at  the  following  speeds 
and  maximum  pressure:  one-fourth,  one-half,  three-fourths,  and  maximum 
speed.  Record  the  first  three  harmonics  for  each  setting. 

b.  Repeat  3(a)  for  one-half  maximum  pressure. 


4.  Measurement  of  pump  impedance: 

a.  Place  a known  impedance  load  downstream  of  the  pressure  transducers. 

b.  Measure  the  distances  between  the  pump  and  the  load  and  the  pump  and 
the  transducers. 

c.  Repeat  3(a)  and  3(b)  for  the  given  speeds  and  pressure  conditions. 


S.  Reducing  and  reporting  the  data: 

a.  From  the  tests  in  Part  2,  determine  the  SWR  and  reflection  factor  for  the 
anechoic  termination.  The  data  should  be  plotted  in  the  same  format  as 
Fig.  2-2. 


b.  From  the  tests  in  Part  3,  determine  the  value  of  the  pump  flow  ripple,  q, 
using  Eq.  (2-1).  The  flow  ripple  should  be  plotted  as  a function  of  the 
speed  of  the  pump  with  three  different  harmonics.  (See  Fig.  3-1.) 
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The  overall  value  of  the  flow  ripple  can  be  obtained  for  each  speed  by 
adding  qj , q2,  and  qs  at  each  speed.  A value  of  q/N  should  be  obtained 
by  performing  a linear  regression  on  the  plot  of  qTOT  vs.  speed. 


c.  From  the  tests  in  Part  4,  determine  the  impedance  of  the  pump  as  a 
function  of  frequency  at  different  pressures. 
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5. 


Obtain  mean  values  for  the  experimental  data  and  report  the  reduced  data  in  a 
form  similar  to  that  shown  in  Figs.  3-3,  3-4,  and  3-5. 


TABLE  B-l . TABLE  OF  TEST  FREQUENCIES  USING  TEST  PLAN  FOR  OBTAINING  1 5 DATA 
POINTS  FOR  EVALUATING  ATTENUATOR  PERFORMANCE. 


Desired 
1/3  Octave 
Center 
Frequency 
(Hz) 

TEST  NUMBER 

1 

2 

3 

4 

5 

100 

100* 

125 

125* 

160 

160* 

200 

200 

250 

250 

(267)* 

315 

(300) 

(320) 

315* 

400 

(375) 

500 

(480) 

(533) 

630 

630 

800 

800 

1000 

(945) 

* Fundamental  punting  frequencies. 


NOTE:  Frequencies  in  parentheses  deviate  from  desired  frequencies. 
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APPENDIX  C 


ACOUSTICAL  DATA  REDUCTION 


The  data  reduction  programs  included  in  this  appendix  were  used  to  facilitate  converting 
fluidborne  noise  data  in  dB  to  pressures.  This  appendix  contains  the  following  programs: 


Recorder  dB  to  PSI,  then  N/M2  (HP-25) 
Recorder  dB  to  PSI,  then  BAR  (HP-25) 


**  T-  ■Nttjsasav 


TABLE  C-l . HP-25  PROGRAM  TO  CONVERT  RECORDER  dB  TO  PSI,  THEN  N/M2. 


Data  Input:  dB  or  Chart 


ENTER 

01 

31 

4 

02 

04 

2 

03 

02 

04 

73 

7 

05 

07 

— 

06 

41 

2 

07 

02 

0 

08 

00 

T 

09 

71 

1 

10 

01 

0 

11 

00 

x y 

12 

21 

yx 

13 

14  03 

2 

14 

02 

• 

15 

73 

9 

16 

09 

X 

17 

61 

Pause 

18 

14  74 

Pause 

19 

14  74 

Pause 

20 

14  74 

1 

21 

01 

• 

22 

73 

4 

23 

04 

5 

24 

05 

EE 

25 

33 

4 

26 

04 

CHS 

27 

32 

•f 

28 

71 

GTO  00 

29 

13  00 

DATA  OUTPUT: 

PSI  IS  DISPLAYED  FIRST,  THEN  THE  N/M2 

EQUIVALEbTT  OF  THE  RECORDED 

dB. 

1 N/M2  = 1/1.45x10  PSI 

NOTE:  Recorder  calibrated  per  FBN  calibration  procedure  in  Appendix  G. 
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TABLE  C-2.  RECORDER  dB  TO  PSI,  THEN  BAR. 


DATA  INPUT:  dB  ON  CHART 


DISPLAY 


EY  ENTRY 

LINE 

CODE 

ENTER 

01 

31 

4 

02 

04 

2 

03 

02 

• 

04 

73 

7 

05 

07 

- 

06 

41 

2 

07 

02 

0 

OS 

00 

-r 

09 

71 

1 

10 

01 

0 

11 

00 

x y 

12 

21 

f yx 

13 

14 

03 

2 

14 

02 

• 

15 

73 

9 

16 

09 

X 

17 

61 

f Pause 

18 

14 

74 

f Pause 

19 

14 

74 

f Pause 

20 

14 

74 

I 

21 

01 

4 

22 

04 

23 

73 

5 

24 

05 

T 

25 

71 

GTO  00 

26 

13 

00 

I v M 

* •7*’ 


DATA  OUTPUT:  PSI  IS  DISPLAYED  FIRST,  THEN  THE  BAR  EQUIVALENT  OF  THE  CHART  dB. 
NOTE:  Recorder  calibrated  per  FBN  calibration  procedure  in  Appendix  G. 
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APPENDIX  D 
INSTRUMENTATION 


I.  GENERAL  RADIO 


A. 

1523  

Level  Recorder 

B. 

1523-PI  

Preamplifier 

Plug  In 

C. 

1523-P3  

Band  Analyzer 

D. 

1523-P4  

Wave  Analyzer 

E. 

1523-9622  

meter 

F. 

1560-9531  

G. 

1560-9580  

H. 

1560-9666  

1. 

1560-P42  

Microphone 

Preamplifier 

J. 

1562-A  

Sound  Level 

Calibrator 

K. 

1933  

Precision  Sound 

Level  Meter  and 

Octave  Band 

Analyzer 

L. 

130BR  

II.  HEWLETT-PACKARD 


A. 

HP-25 

B. 

HP-55 

Programmable 

Calculator 

Programmable 

Calculator 
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III.  TEKTRONIX 


Dual-Beam 

Oscilloscope 

Oscilloscope 


B.  RM31A 


IV.  PCB  PIEZOTRONICS,  INC. 
A.  111A24  


Quartz  Pressure 


5.10  mv/psi 
5. 1 8 mv/psi 
5.32  mv/psi 
5.30  mv/psi 
5.35  mv/psi 
5.20  mv/psi 


B.  483M20 


I CP  Power 
Supply 


VI.  BECKMAN 


A.  7370R 


Universal  EPUT 


J 


APPENDIX  E 


FLUIDBORNE  NOISE  MEASUREMENTS  IN  A NON- AN ECHOI C ENVIRONMENT 


The  effect  of  varying  the  impedance  downstream  of  a hydraulic  pump  on  the  pressure  at 
a given  distance  from  the  pump  is  illustrated  by  the  results  of  a series  of  tests  conducted  in 
conjunction  with  this  project.  Fig.  E-l  shows  schematically  the  different  system  load  configu- 
rations used  for  the  tests.  Fig.  E-2  summarizes  the  data  from  the  measurement  tests.  Table 
E-l  lists  the  average  differences  between  the  reference  test  system  as  well  as  the  maximum 
difference  between  the  tests.  The  results  of  these  tests  clearly  illustrate  the  importance  of 
carefully  controlling  the  system  impedance  or  carefully  accounting  for  impedance  differences 
between  laboratories  if  it  is  desired  to  develop  a test  procedure  that  will  insure  acceptable 
reproducibility. 


-CASE  H (2  VALVES) 
-CASE  IV  (I  VALVE  & 


Fjg.  E-2.  Plot  of  Data  Showing  Effect  of  Different  System  Configurations  on  “Near-Field”  Pump  Outlet  Pressure  Measurements. 
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APPENDIX  F 


CRITICAL  TEST  COMPONENTS 


The  principal  components  used  for  the  tests  reported  in  this  section  were  an  external  gear 
pump,  an  “expansion  - chamber ” attenuator,  and  an  anechoic  termination.  These  components 
have  the  following  basic  characteristics: 

GEAR  PUMP 

Base  Circle  Radius  = 19.8mm  (0.7792  in.) 

Pitch  Circle  Radius  = 22.2mm  (0.8745  in.) 

Addendum  Circle  Radius  = 26.9mm  (1.0605  in.) 

Face  Width  of  Gear  = 38.5mm  (1.512  in.) 

Number  of  Teeth  = 10 

EXPANSION  CHAMBER  ATTENUATOR 

Length  = 914mm  (36.0  in.) 

Inside  Diameter  = 103mm  (4.05  in.) 

Inlet  Diameter  = 21.6mm  (0.85  in.) 

ANECHOIC  TERMINATION 

Configuration:  20.7M  (68  ft.)  of  25.4mm  (1  in.)  steel  tubing 
+ 31.1  M (102  ft.)  of  25.4mm  (1  in.)  hose 
(Titeflex,  400S5 247- 1440)  + 4.0M  (13  ft.) 
of  25.4mm  (1  in.)  steel  tubing 
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APPENDIX  G 
CALIBRATION 


In  this  appendix,  a step-by-step  procedure  is  outlined  for  calibrating  the  analysis  instru- 
mentation and  then  converting  dB  to  psi  when  taking  fluidborne  noise  measurements. 


Three  techniques  are  discussed: 

1 . Reference  Voltage  Technique  — A reference  voltage  source  with  a known 
output  is  used  for  calibration. 

2.  Microphone  Technique  — A known,  calibrated  sound  pressure  level  source 
is  attached  to  a microphone  and  the  resultant  voltage  is  used  for  calibration. 
An  analyzer  is  used  as  a recorder. 

3.  Analyzer  Reference  Technique  - The  analyzer  reference  voltage  is  used  as  a 
reference  for  an  unknown  voltage  source. 


Technique  1 is  discussed  in  Section  A of  this  appendix.  Both  2 and  3 use  a constant 
voltage  source  (for  2,  the  voltage  from  the  microphone  will  correspond  to  the  sound  pressure 
level  from  the  reference  source).  Those  two  methods  are  similar  and  are  discussed  together 
in  Section  B. 


SECTION  A - REFERENCE  VOLTAGE  TECHNIQUE 

Step  I - Determining  the  Base  Voltage  in  the  Analyzer 

Since  the  reference  voltage  is  known  (for  example,  VREF  = 1 .061  volts  for  the  GR  1562- 
A),  the  base  voltage  of  the  analyzer  can  be  determined.  The  base  voltage  is  first  adjusted  so 
that  the  GR  1 523  analyzer  reads  40  dB  with  40  dB  attenuation.  The  base  voltage  is  then 
calculated: 


(40  + 40) 


1.061  x IQ'4  volts 


- ZC«,0  1°!± 


Step  II  - Relationship  Between  dB  and  PSI 

With  the  base  voltage  known  and  the  voltage  gain  given  for  the  pressure  transducers,  the 
relationship  between  PSI  and  dB  can  be  obtained. 


First,  if  the  gain  of  the  pressure  measurement  device  is  .005  V/PSI,  then  for  every  PSI 
there  is  .005  volts: 

ON  CHART  IN  FLUID 


dB  = 20  logj 


,005V 
005  V 


.0001061V 


1 PSI 
dB  = 201og10 


2.9  x IQ'9  (PSI)* 


dB  = 33.47 


dB  = 170.8 


•2.9  x I0"9  PSI  equals  20/IN  /M2 


So,  33.47  dB  on  the  recorded  chart  is  equivalent  to  170.8  dB  in  the  fluid.  Or,  if  a reading  is 
taken  on  the  chart,  138.3  must  be  added  to  the  reading  to  get  the  actual  pressure  level  in  the 
fluid. 


SECTION  B - MICROPHONE  AND  ANALYZER  REFERENCE  TECHNIQUE 


Step  I - Determining  Calibrator  Voltage 
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With  the  GR  1 523  analyzer  in  the  " calibrate " position,  the  base  voltage,  Vb,  in  the  analyz- 
er is  IOOjiV.  A constant  voltage  is  used,  which  when  connected  to  the  analyzer  yields  a recorder 
level  consistent  with  the  input  voltage;  for  example  for  a GR  1 562-A,  approximately  41 .5  on 
the  chart  (with  40  dB  attenuation).  So,  the  input  voltage  can  be  determined.  For  example: 

(40  + 41.5)  = 20  log10  VgAL 

Vb 

VCAL  = 10  8L5_  (jqo^v) 

20 

VCAL  = 1-188  volts 


Step  II  — Base  Voltage 

Now,  the  base  voltage  is  adjusted  to  a convenient  level,  for  the  example,  so  that  the 
analyzer  reads  40  instead  of  41.5.  The  new  base  voltage  can  then  be  calculated.  For  the 
example: 

(40  + 40)  = 20  log  I '8** 

Vb 

VB  = 1.188  x 10-4  volts 


Step  III  - Relationship  Between  dB  and  PSI 

With  the  base  voltage  known  and  the  voltage  gain  given  for  the  pressure  measurement 
system,  the  relationship  between  PSI  and  dB  can  be  obtained.  First,  it  is  known  that  the 
gain  of  the  system  is  .005  V/PSI.  So,  for  every  PSI,  there  is  .005  volts: 


W1- 


ON  CHART 

IN  FLUID 

.005  V 

1 PSI 

dB  = 20  log,  0 

.005V 

.0001188 

dB  = 20  log 

dB  = 

32.48 

dB  = 170.8 

1 


2.9  x 10-9 


So,  32.48  dB  on  the  chart  is  equivalent  to  1 70.8  dB  in  the  fluid.  Or,  if  a reading  is  taken  on 
the  chart,  138.3  dB  must  be  added  to  the  reading  to  get  the  actual  pressure  level  in  the  fluid. 
The  same  procedure  for  the  microphone  is  shown  in  Table  G-l. 

To  convert  a pressure  level  in  dB  to  PSI,  take  the  reading,  N,  off  the  chart,  add  138.3 
dB  to  it,  then  use  the  following  to  get  the  RMS  PSI: 


(N  + 138.3)  dB  = 20  log1( 


RMS 


2.9  x IQ’9 


TABLE  C-l . FBN  MEASUREMENT  CORRECTION  (Using  ABN  Instrumentation  Calibration). 


GIVEN:  MICROPHONE  (if  used) 

MICROPHONE  CALIBRATOR  LEVEL,  L 
FBN  INSTRUMENTATION  GAIN  — , G^ 

INSTRUMENT  REFERENCE  LEVEL,  Vi 


EXAMPLE 


ti"  GR  ((612 

114dB 

4.7  mV/psi 

100  W 


ACTUAL 


1.  Output  Voltage,  Vc,  wl/oi  with  calibrator  "Oii"  and  instrument  set  to  V^ 


Instrument  reading,  Li 
(Ll)  ■ 20  10g1() 


Instrument  reading, 
Ll 


( ) = 20  log 


10(  ) 


2.  Instrument  reference  voltage,  Vr,  after  calibration 


Instrument  reading  during  84  dB 
calibration,  Lc 


Instrument  reading  _ 
during  calibration,  Lc 


(Lc)  = 20  log 


10  VT 


( ) = 20  log 


10  Vr 


109  uv 


3.  Instrument  reading,  L2,  with  FBN  input  of  1 psi 


L2  = 20  log 


10  (Vr) 


L2  = 20  log 


10  ( ) 


4.  Correction  to  reference  FBN  to  20  pN/M2 


1 psi  re  20  pPa 
Subtract 

CORRECTION 


170.8  dB  (1  psi  re  20  N/M2)  170.8  dB 

- 32.7  dB  (Subtract  L2)  ~ 

138.1  dB  CORRECTION  * 

*Add  to  instrument  reading  to  obtain 
FBN  re  20  yPa 


This  section  presents  the  results,  interpretation,  and  conclusions  acquired  by  the  effort 
associated  with  the  area  of  system  diagnostics.  Specifically,  the  activity  was  directed  toward 
the  investigation  and  adaptation  of  Ferrographic  fluid  analysis  for  use  with  hydraulic  systems. 
Laboratory  tests  were  conducted  to  gain  an  appraisal  of  the  capabilities  and  limitations  of 
Ferrographic  analysis  and  to  determine  the  characteristic  patterns  of  the  wear  debris.  The 
data  from  these  tests  are  typified  in  the  report,  while  a complete  summary  is  included  in  the 
appendices. 
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CHAPTER  I 


INTRODUCTION 


When  a machine  operator  starts  his  vehicle,  he  fully  expects  it  to  perform  the  functions 
for  which  it  was  designed  in  an  effective  manner.  However,  due  to  the  wear  of  critical  machine 
parts,  the  performance  of  the  machine  will  slowly  degrade.  In  some  cases,  the  period  of  slow 
deterioration  is  concluded  when  one  or  more  of  the  parts  breaks  and  totally  incapacitates  the 
machine.  Thus,  there  are  two  seemly  distinct  types  of  machine  failures  (slow  but  steady  per- 
formance degradation  and  breakage)  but  which,  in  fact,  have  a common  cause  - surface 
deterioration. 

Wear  in  systems  where  fluid  is  circulated  is  one  of  the  most  costly  aspects  involved  in 
their  operation.  Many  millions  of  dollars  are  spent  yearly  for  maintenance  in  an  attempt  to 
prevent  wear  or  to  replace  parts  and  components  which  have  worn  out  or  broken  as  a result 
of  wear.  In  the  past  ten  years,  there  has  been  an  ever-increasing  recognition  that  a significant 
portion  of  the  wear  in  such  fluid  systems  can  be  traced  directly  to  the  presence  of  particulate 

contaminant. 

\ 

Contaminant  wear  in  fluid  systems,  particularly  hydraulic  systems,  is  impossible  to 
study  directly.  Therefore,  investigators  in  the  past  have  either  evaluated  the  end  results  of 
the  wearing  process  (dimensional  changes  or  weight  loss)  or  have  measured  the  amount  of  per- 
formance degradation  due  to  a particular  contaminant  environment.  This  latter  approach  has 
proven  to  be  the  most  successful, and  standard  test  procedures  have  been  developed  to  evaluate 
the  contaminant  sensitivity  of  various  hydraulic  components  based  upon  performance  changes. 

There  are  several  drawbacks,  however,  to  this  type  of  contaminant  wear  assessment.  First 
of  all,  the  most  obvious  disadvantage  is  that  the  component  is  totally  destroyed  during  the  test 
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Second,  the  technique  does  not  provide  any  diagnostic  information.  That  is,  although  based 
upon  the  results  of  a contaminant  sensitivity  test  it  is  possible  to  estimate  component  life 
under  certain  contaminant  exposures,  there  is  no  way  to  diagnose  the  internal  state  of  a system. 
In  other  words,  the  missing  diagnostic  link  is  a technique  whereby  early  warning  signs  could  be 
used  to  prevent  untimely  field  failures. 

Numerous  attempts  have  been  made  to  utilize  spectrographic  techniques  to  provide  the 
necessary  diagnostic  information  associated  with  fluid  systems.  This  method  has  apparently 
worked  satisfactorily  for  lubrication  systems  but  left  something  to  be  desired  for  hydraulic 
systems.  Therefore,  when  a new  technology  was  introduced  in  1974  which  seemed  to  hold 
promise  of  usefulness  in  diagnosing  hydraulic  systems,  the  Fluid  Power  Research  Center 
initiated  this  program  to  fully  develop  the  area  [ 1 , 2,  3] . Called  Ferrography,  this  new  tech- 
nology basically  utilizes  an  appraisal  of  the  wear  debris  generated  by  the  wear  process  to  pro- 
vide the  desired  diagnostic  information. 

The  activity  reported  herein  was  designed  to  develop  the  Ferrographic  technique  into  a 
useful  engineering  tool  and  was  organized  under  a Technology  Development  Project  (TDP). 

This  type  of  project  is  used  for  efforts  where  interest  is  specialized  within  the  industry,  no  pure 
research  per  se  is  required,  or  the  necessary  funding  is  beyond  the  scope  of  other  project 
activities.  Technology  Development  Projects  are  designed  to  satisfy  specific  objectives  and 
are  characterized  by  the  following  features: 

1.  Activity  is  not  of  a pure  research  nature,  since  seeding  by  previous  investiga- 
tions has  demonstrated  its  feasibility  (not  blue  sky). 

2.  Knowledgeable  industrial  advisors  are  already  available  for  performing 
the  necessary  liaison  to  insure  the  success. 

3.  Direction  and  extent  of  project  can  be  fully  described  through  the 
assistance  of  the  advisors. 

4.  Project  objectives  require  more  extensive  budgetary  and  manpower 
commitments  than  can  be  allocated  from  the  BFPR  Program. 

5.  Project  must  appeal  to  enough  companies  to  make  it  economically 
feasible. 


6.  Competent  technical  personnel  are  available  to  conduct  the  project. 

7.  Results  of  the  project  will  yield  engineering  application  tools  having 
economic  significance  to  the  sponsors. 

A unique  feature  of  the  Technology  Development  Project  is  that  it  is  normally  a joint 
activity.  In  the  case  of  Hydraulic  System  Diagnostics,  there  are  five  sponsoring  groups  (four 
industrial  and  MERDC).  The  four  industrial  sponsors  are  John  Deere,  Massey-Ferguson,  J.  I. 
Case,  and  International  Harvester.  These  sponsors  have  provided  the  necessary  guidance,  test 
components,  and  incentive  for  the  project  activity.  Since  this  particular  TDP  included  the 
U S-  Army  MERDC  on  a matching  funds  basis,  the  reports  which  are  generated  throughout  the 
effort  will  be  subject  to  public  disclosure. 


This  section  of  the  report  describes  the  work  that  has  been  accomplished  on  this  diag- 
nostic project.  The  test  results  have  been  analyzed  in  both  an  objective  and  subjective  manner. 
The  conclusions  which  have  been  reached  at  this  time  are  presented  and  the  plans  for  future 
efforts  delineated.  The  results  obtained  to  date  are  certainly  encouraging,  and  it  is  anticipated 
that  the  project  will  be  continued. 


CHAPTER  II 
SCOPE  OF  EFFORT 


As  proposed,  the  prime  intent  of  this  Technology  Development  Project  is  to  develop  a 
method  for  applying  the  Ferrographic  technology  to  the  evaluation  of  hydraulic  systems. 

The  proposed  plan  of  attack  called  for  conducting  laboratory  tests  on  a number  of  hydraulic 
components  and  performing  Ferrographic  evaluation  of  the  test  results.  From  this  Ferrographic 
analysis,  an  atlas  would  be  compiled  which  would  pictorially  illustrate  the  wear  debris  patterns 
associated  with  each  type  of  component  exposure. 

Once  sufficient  information  has  been  accumulated  from  the  laboratory  tests  to  identify 
the  various  wear  modes  and  their  severity,  the  project  would  move  into  a field  system  evaluation 
phase.  Several  systems  would  be  selected  with  the  guidance  of  the  project  sponsors.  These 
systems  would  be  comprised  of  components  for  which  sufficient  wear  information  is  available. 
The  systems  would  be  sampled  periodically  and  appraised  Ferrographically  to  acquire  the 
necessary  field  system  data.  In  addition,  the  operational  conditions  to  which  the  system  is  ex- 
posed during  field  services  would  be  monitored.  The  Ferrographic  analysis  of  the  field  system 
would  be  compared  with  the  information  contained  in  the  Ferrographic  atlas  in  order  to  diag- 
nose the  internal  state  of  the  selected  system. 

At  this  point  in  time,  the  project  activities  have  been  concentrated  upon  the  analysis  of 
wear  in  hydraulic  pumps.  In  all,  12  pumps  have  been  submitted.  These  tests  included  break-in 
assessment  (where  no  contaminant  was  added)  as  well  as  the  normal  300  mg/litre  contaminant 
sensitivity  tests  [4,  5).  This  report  contains  all  of  the  information  collected  from  these  pump 
tests.  It  is  anticipated  that  additional  component  tests  will  be  included  in  the  continuation  of 
this  project. 
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The  logic  behind  the  approach  taken  in  this  project  lies  in  the  desire  to  develop  the 
Ferrographic  system  into  a worthwhile  engineering  tool.  It  stands  to  reason  that,  if  a technique 
can  be  successfully  utilized  to  assess  the  internal  state  of  a hydraulic  component  or  system 
operating  under  field  conditions,  it  could  also  be  used  as  a laboratory  test  monitor.  Also,  in 
order  to  insure  success  of  any  field  system  diagnostic  attempt,  it  is  necessary  to  investigate 
the  wear  debris  patterns  which  are  produced  from  a hydraulic  component  under  various  environ- 
ments. Thus,  the  laboratory  test  phase  was  initiated  first  to  become  familiar  with  the  Ferro- 
graphic system  and  to  determine  its  characteristics  and  its  limitations.  Pumps  were  selected  as 
the  first  test  component  because  of  their  reputation  as  the  most  critical  component  in  a hy- 
draulic system. 

The  next  section  of  this  report  is  concerned  with  the  thorough  description  of  the  Ferro- 
graphic system  together  with  a brief  review  of  other  techniques  which  have  been  used  for  diag- 
nostic purposes.  The  remainder  of  the  report  contains  test  results,  analysis  of  results,  conclu- 
sions, and  recommendations.  The  data  summary  sheets  containing  all  the  test  data  are  included 
in  the  appendices  of  this  section. 
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CHAPTER  III 


WEAR  ANALYSIS  AND  DIAGNOSTICS 


Without  a doubt,  the  cost  factor  has  been  responsible  for  the  emergence  of  fluid  power 
diagnostic  techniques  in  recent  years.  As  systems  have  grown  in  complexity,  the  cost  of  their 
maintenance  and  down  time  as  well  as  their  initial  cost  have  become  very  large.  It  is  no  longer 
practical  to  assign  a maintenance  engineer  to  periodically  dismantle  the  system  and  inspect  the 
various  component  surtaces  for  evidence  of  wear.  However,  the  fact  remains  that,  in  order  to 
perform  a satisfactory  diagnosis  of  a hydraulic  system,  it  is  necessary  to  evaluate  the  severity 
of  the  wear  processes  active  in  the  system.  Furthermore,  to  offer  a remedy  for  a severe  wear 
condition,  it  is  necessary  to  have  some  knowledge  concerning  the  dominant  wear  mode  and  the 
possible  location  of  the  wearing  surface  or  surfaces. 

In  a hydraulic  system,  it  is  impossible  to  measure  the  wear  process  directly.  Therefore, 
engineers  have  been  forced  to  evaluate  wear  conditions  indirectly.  Until  recently,  the  most 
popular  wear  indicator  and  therefore  diagnostic  tool  has  been  the  spectrograph.  In  general,  there 
are  two  types  of  these  instruments  — the  emission  type  [3]  and  the  atomic  absorption  type. 
While  there  is  considerable  difference  in  these  two  types  of  spectrographs,  information  available 
at  this  time  indicates  that  neither  has  shown  to  be  effective  in  diagnosis  of  hydraulic  systems. 

The  reason  reported  for  this  effectiveness  is  the  inability  of  spectrometric  techniques  to  “see” 
the  large  size  particles  which  are  generated  in  many  wearing  situations  [6]. 

The  development  of  the  Ferrography  technology  offered  some  new  hope  for  diagnosing 
hydraulic  systems.  Somewhat  like  the  spectrograph,  the  Ferrograph  evaluates  the  characteristics 
of  the  wear  debris  to  appraise  the  magnitude  of  any  wear  process  present  in  the  system.  The 
spectrograph,  however,  can  only  measure  the  “parts  per  million  ” of  the  various  elements 
(such  as  iron,  copper,  lead,  etc.),  while  the  Ferrograph  considers  full  particle  morphological 


analysis  size,  shape,  surface  texture,  homogeneity,  color,  bi-refringence,  etc.  - as  well  as 
debris  concentration. 

The  Ferrograph  system  is  a unique  analytical  system  designed  especially  for  the  appraisal 
of  wear  processes.  The  system  in  use  at  the  Fluid  Power  Research  Center  consists  of  a D.  R. 
(Direct  Reading)  Ferrograph,  a Slide  Ferrograph,  a Ferrogram  Reader,  and  a Bichromatic 
Microscope  with  photographic  accessories.  The  Ferrograph  utilizes  a specially  developed  magnet 
which  generates  an  ultra-high  gradient  field  near  its  poles  tc  force  the  wear  particles  to  precipi- 
tate from  the  vehicle  fluid.  In  the  case  of  the  D.  R.  unit,  the  particles  are  collected  from  the 
fluid  flowing  axially  along  a glass  tube,  while  the  Slide  Ferrograph  uses  an  inclined  chemically 
treated  slide  as  a substrate  upon  which  the  attracted  wear  particles  are  collected.  A carefully 
controlled  pressure  head  on  the  fluid  sample  is  used  to  continually  pass  a low  velcoity  stream 
through  the  glass  precipitator  tube  or  longitudinally  along  the  slide.  The  slide  or  Ferrogram, 
as  it  is  called,  is  analyzed  using  both  a densitometer  (Ferrogram  Reader)  and  the  Bichromatic 
Microscope.  The  densitometer  is  used  to  appraise  the  amount  of  wear  debris  collected,  while 
the  microscope  permits  the  identification  of  particle  material  and  wear  modes. 

Surface  deterioration  between  moving  parts  is  a fact  of  life  in  a hydraulic  system.  The 
modes  and  rate  of  wear  which  are  active  at  any  given  time  in  such  a system  will  depend  upon 
the  materials  utilized,  the  duty  cycle,  loading  on  the  moving  parts,  the  operating  environment, 
and  the  anti-wear  deterrents  used.  When  a hydraulic  system  or  component  is  operated,  literally 
billions  of  wear  particles  enter  the  system  fluid.  The  size,  shape,  color,  etc.  of  these  particles 
depend  upon  the  dominant  wear  modes  and  the  material  involved.  However,  particle  sizes 
normally  range  from  a few  nanometers  to  several  micrometres.  Usually,  the  highly  stressed 
wearing  parts  of  a hydraulic  component  are  made  of  steel;  hence,  wear  debris  sloughed  from 
these  parts  exhibit  strong  magnetic  characteristics.  However,  strange  as  it  may  seem,  particles 
normally  unaffected  by  magnetic  fields  become  magnetically  active  when  they  have  been  involv- 
ed in  a wear  process  such  as  cold  working,  ploughing,  gouging,  cutting,  etc.  It  is  these  magnetic 
properties  exhibited  by  wear  associated  debris  upon  which  the  Ferrographic  system  capitalizes. 
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The  information  obtained  from  the  Ferrographic  system  is  both  quantitative  and  qualita- 
tive. The  D.  R.  Ferrograph  provides  a scaled  value  for  the  debris  density  at  a position  near  the 
entrance  of  the  precipitator  tube  (influent)  and  a value  near  the  exit  (effluent).  The  Ferrogram 
Reader  gives  the  optical  density  of  the  wear  debris  deposited  at  various  positions  along  the 
Ferrogram.  Theoretically,  the  distribution  of  the  density  readings  is  a function  of  particle 
size,  since  larger  particles  will  tend  to  be  deposited  quicker  than  smaller  ones.  The  location  of 
a particular  density  reading  taken  from  a Ferrogram  is  always  given  in  terms  of  the  millimetre 
distance  from  the  exit  end  of  the  slide.  For  example,  a density  reading  indicated  at  54  mm. 
was  taken  at  a point  54  millimetres  from  the  end  where  the  fluid  exits  the  slide.  The  informa- 
tion gained  with  the  Bichromatic  Microscope  is  qualitative  in  nature,  since  the  operator  reports 
only  what  his  experience  and  training  enable  him  to  identify  and  relate.  The  special  Lighting 
features  of  the  unique  microscope  permit  the  investigator  to  differentiate  particle  shape,  pat- 
terns in  the  deposit,  structural  appearance,  free  metal,  non-metal,  oxides,  color,  and  surface 
texture.  Thus,  it  is  possible  to  obtain  a clear  picture  of  prevalent  wear  modes  as  well  as  un- 
usual insight  as  to  the  chemical  nature  of  the  environment  where  the  particles  were  generated. 


From  the  preceding  description  of  the  Ferrographic  fluids  analysis  technique,  it  should 
be  obvious  why  it  has  generated  much  enthusiasm  and  interest  throughout  the  fluid  power 
industry.  Test  results  at  this  point  certainly  indicate  that  heavy  wear  is  accompanied  by  high 
density  readings  from  the  Ferrographic  system.  Also,  contaminant  wear  is  a process  which 
produces  cutting  type  particles  in  fluid  power  pumps.  These  particles  actually  resemble  the 
ribbons  generated  from  a lathe  during  a machining  operation.  Although  it  is  necessary  to 
collect  more  information  before  taking  a firm  position,  there  is  every  indication  at  this  point 
that  the  Ferrographic  system  will  make  a very  useful  diagnostic  tool. 
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CHAPTER  IV 


TEST  EFFORT  AND  RESULTS 


With  the  guidance  and  consent  of  the  program  sponsors,  the  initial  test  effort  was  directed 
toward  fluid  power  pumps.  Each  sponsor  was  requested  to  submit  two  each  of  two  different 
pumps  which  they  would  like  to  see  tested.  From  this  request,  a total  of  1 2 pumps  were  receiv- 
ed. Since  there  was  no  information  concerning  the  wear  debris  generated  from  a hydraulic  pump 
when  operated  at  rated  conditions  in  clean  fluid,  each  pump  was  subjected  to  an  extended  break- 
in  period  before  exposing  it  to  contaminant  in  order  to  establish  a normal  wear  base  line.  After 
the  break-in  evaluation,  the  pumps  were  subjected  to  a contaminant  sensitivity  test  [4,  5J.  In 
most  cases,  this  was  the  standard  contaminant  sensitivity  test  with  only  changes  in  speed  or  pres- 
sure, although  in  two  cases  the  contaminant  level  was  altered  from  300  mg/litre  to  75  mg/litre. 

Of  the  12  pumps  received  for  use  in  the  program,  ten  were  subjected  to  a complete  test 
sequence  (extended  break-in  through  contaminant  tests).  One  pump  failed  during  break-in 
testing.  Observations  of  this  pump  revealed  that  the  front  bearing  apparently  failed,  resulting 
in  a secondary  failure  in  the  shaft  seal.  The  other  pump  which  was  not  tested  exhibited  a 
malfunction  in  its  basic  operation  and  has  been  returned  for  repair.  A complete  summary  of 
the  test  data  and  analysis  is  contained  in  the  appendices  to  this  report  section. 


BREAK-IN  TESTS 

The  purpose  of  conducting  the  extended  break-in  tests  was  twofold.  First  of  all,  it  was 
deemed  necessary  to  obtain  Ferrographic  information  relative  to  a clean  fluid  situation  in 
order  to  have  a base  line  for  contaminant  wear.  In  addition,  it  was  desired  to  discover  how 


much  wear  debris  is  generated  by  a pump  during  the  first  few  hours  of  operation  and  how  soon 
does  the  high  generation  period  subside.  The  break-in  tests  were  conducted  in  a manner  similar 
to  that  specified  in  the  pump  contaminant  sensitivity  test  procedure  [5].  That  is,  the  pump  was 
run  at  25%  rated  pressure  for  15  minutes;  then,  the  pressure  was  increased  to  50%  rated  and  75% 
rated  pressure  for  15  minutes,  respectively.  When  the  pump  was  brought  up  to  full  rated  pressure, 
it  was  allowed  to  remain  there  for  periods  from  one  hour  to  eight  hours  while  samples  were  taken 
for  Ferrographic  analysis.  Since  the  generation  characteristics  of  a pump  were  unknown  at  the 
start  of  these  tests,  it  was  impossible  to  predict  the  required  length  of  the  test.  It  was  assumed 
that  eight  hours  was  certainly  a maximum  which  would  be  necessary  to  establish  a trend.  How- 
ever, to  run  each  pump  for  eight  hours  would  require  considerable  test  time.  Therefore,  some 
pumps  were  tested  for  a shorter  period. 

In  addition  to  the  complete  summary  of  data  which  can  be  found  in  the  appendix,  Figs.  4-1 , 
4-2,  4-3,  and  4-4  show  some  of  the  break-in  test  data.  These  figures  illustrate  curves  of  the  Ferro- 
graphic density  reading  at  54  millimetres,  D54,  versus  the  time  duration  of  the  test.  The  54  mm 
location  was  chosen  because  it  reflected  the  best  correlation  with  the  concentration  and  particle 
size  of  the  wear  debris  generated.  Fig.  4-1  illustrates  the  effect  of  pressure  on  two  pumps  from 
the  same  manufacturer,  while  Fig.  4-2  shows  what  occurred  when  two  different  speeds  were 
used  on  two  pumps  from  the  same  manufacturer.  From  Figs.  4-1  and  4-2,  it  would  be  simple  to 
conclude  that  a pump  will  generate  more  debris  and  take  longer  to  break  in  at  high  pressure  but 
higher  speeds  have  little  effect.  However,  when  Fig.  4-3  and  Fig.  4-4  are  reviewed,  this  conclusion 
becomes  somewhat  premature.  Fig.  4-3  shows  the  Ferrographic  analysis  of  two  identical  pumps 
(same  part  number)  run  at  the  same  conditions.  Fig.  4-4  illustrates  the  same  information  using 
a pump  different  from  that  of  Fig.  4-3.  It  can  be  seen  from  these  latter  two  figures  that  there  is 
a large  variation  between  pumps;  therefore,  the  differences  shown  in  Figs.  4-1  and  4-2  could  have 
been  in  the  pumps  themselves  instead  of  the  different  operating  conditions. 

In  considering  the  length  of  time  that  it  takes  for  a pump  to  reach  a normal  (low  level)  wear 
rate,  it  can  be  seen  from  the  curves  shown  in  Figs.  4-1  - 4-4  and  the  data  in  the  appendices  that, 
in  all  cases,  the  rate  of  debris  generation  was  greatly  reduced  after  one  hour  of  running  time  at 
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Fig.  4-1.  Break-In  Data  Showing  the  Effect  of  Pressure. 


Fig.  4-4.  Break-in  Data  - Pumps  D and  L at  Identical  Conditions. 


lull  pressure.  Since  the  samples  were  extracted  immediately  downstream  of  the  pump  to  collect 
the  wear  being  generated  and  the  clean-up  filters  were  being  used  during  the  break-in  tests,  the 
amount  of  debris  collected  on  a Ferrograph  slide  is  relative  to  the  generation  rate  existing  at  the 
time  of  sampling.  In  the  opinion  of  the  authors  of  this  report  section,  the  break-in  data  collected 
show  conclusively  that  a longer  break-in  period  would  have  minimal  effect  upon  the  results  of 
most  testing  efforts. 


CONTAMINANT  TESTS 


Once  a pump  had  been  subjected  to  the  break-in  tests,  the  contaminant  tests  were  initiated. 
The  objectives  of  these  contaminant  tests  were  to  evaluate  the  contaminant  sensitivity  of  the 
pump  submitted  for  testing  and  to  evaluate  the  Ferrographic  characteristics  of  the  pump  when 
subjected  to  contaminant  wear.  The  flow  degradation  signatures  normally  associated  with  a 
standard  contaminant  sensitivity  test  [5]  for  the  ten  pumps  tested  are  shown  in  Figs.  4-5,  4-6, 
and  4-7.  All  of  the  pumps  were  tested  at  300  mg/litre  with  the  exception  of  pumps  designated 
L and  M.  After  eight  standard  tests,  it  was  decided  to  see  if  the  amount  of  wear  debris  was 
sufficient  to  evaluate  the  contaminant  sensitivity  of  a pump  without  requiring  the  high  contam- 
inant concentrations  used  for  performance  degradation  detection. 


The  Ferrographic  density  readings  for  some  “ typical ” pumps  which  had  been  tested  are 
shown  in  Figs.  4-8,  4-9,  4-10,  and  4-11.  In  Fig.  4-8,  the  two  pumps  are  identical  (same  manu- 
facturer, etc.),  but  Pump  A was  run  at  3000  PSl  outlet  pressure,  while  Pump  G was  tested  at 
2000  PSI.  In  addition,  the  two  pumps  shown  in  Fig.  4-9  are  identical  pumps  which  were 
tested  at  different  speeds.  Pump  B was  run  at  3000  RPM,  while  Pump  C was  operated  at 
2000  RPM  during  the  contaminant  test.  The  two  curves  shown  in  Fig.  4-10  represent  data 
from  identical  tests  on  identical  pumps  (Pumps  E and  J).  The  remaining  two  pumps  (D  and 
H)  are  illustrated  in  Fig.  4-11.  It  can  be  seen  from  these  curves  that  higher  pressures  tend  to 
make  a pump  generate  more  debris.  This  is  consistent  with  other  contaminant  sensitivity  testing 
which  showed  that  a given  pump  was  more  sensitive  to  contaminant  at  higher  pressures.  The  tests 
run  at  different  speeds  indicated  that  the  pump  wore  less  at  the  higher  speed.  This  may  have  to 

do  with  the  hydrodynamic  film  formation,  but  a full  analysis  has  not  been  made  at  this  time. 
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Fig.  4-5.  Flow  Degradation  Signatures  for  Pumps  A,  B,  and  C.  (Standard  Test) 


Fig.  4-6.  Flow  Degradation  Signatures  for  Pumps  J,  L,  and  M. 


Fig.  4-7.  Flow  Degradation  Signatures  for  Pumps  D,  E,  C,  and  H. 
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Ferrographic  Analysis  of  Pumps  A and  G. 


CHAPTER  V 


INTERPRETATION  OF  RESULTS 


Since  it  is  anticipated  that  the  project  will  be  continued,  only  preliminary  interpretations 
will  be  made.  It  is  interesting  to  note  that  there  seems  to  be  a general  trend  in  the  Ferrographic 
density.  That  is,  in  all  but  one  pump  (HJ,  the  amount  of  wear  debris  increased  up  to  a particular 
particle  size  and  then  decreased  when  larger  particle  sizes  were  injected.  The  full  implication  of 
this  observation  has  not  been  totally  explored.  It  may  mean  that  a pump  exhibits  what  has  been 
termed  a critical  particle  size.  When  this  size  is  approached,  the  amount  of  wear  and,  therefore, 
the  amount  of  wear  debris  will  increase.  However,  subjecting  the  pump  to  sizes  of  larger  than 
this  critical  size  does  not  cause  greater  wear.  In  fact,  if  the  number  of  particles  in  the  critical 
size  range  decreases  in  the  larger  size  range,  then  the  wear  may  decrease,  as  shown  by  the  debris 
analysis. 

Another  possible  explanation  for  the  trend  observed  from  the  Ferrographic  density  lies  in 
the  fact  that  all  of  the  pumps  tested  are  thought  to  be  of  the  wear  compensating  design.  That 
is,  they  include  a pressure  loaded  wear  plate  which  is  designed  to  press  against  the  sides  of  the 
gears  and  compensate  for  material  loss  in  this  location.  Obviously,  after  a certain  amount  of 
wear  has  occurred,  the  pump  will  cease  to  compensate  effectively.  The  trend  being  reflected  by 
the  data  produced  during  this  project  may  be  revealing  critical  information  concerning  the  action 
of  wear-compensated  hydraulic  pumps. 

From  a theoretical  standpoint,  the  amount  of  wear  debris  should  be  expected  to  decrease 
toward  the  end  of  the  contaminant  test.  If  the  actual  flow  degradation  is  studied  from  the 
summary  tables  in  the  appendix,  it  can  be  seen  that  the  loss  of  flow  during  each  size  exposure 
is  fairly  constant  at  greater  particle  sizes.  For  example,  with  Pump  B,  there  is  no  degradation 
until  the  pump  was  exposed  to  0-30  micrometre  contaminant.  The  loss  of  flow  was  about 
one  GPM  for  0-30,  0-40,  0-50,  0-60,  and  0-70.  If  the  assumption  is  made  that  the  leakage  or 


slip  How  of  the  pump  follows  a cubic  relationship  with  respect  to  some  characteristic  clearance 
(as  many  experts  have  assumed)  (7),  then  the  slip  flow  can  be  illustrated  as  shown  in  Fig.  5-1. 
Furthermore,  assume  that  the  actual  slip  flow  before  any  contaminant  exposure  was  0.2  GPM, 
which  represents  a characteristic  clearance  of  about  1 .46.  If  by  exposing  this  pump  to  0-30 
micrometre  contaminant  the  slip  flow  increases  by  one  GPM,  then  the  characteristic  clearance 
must  have  changed  from  1 .46  to  2.66  for  an  increase  of  1 .2.  When  the  pump  was  exposed  to 
0-40,  the  slip  flow  increased  by  another  one  GPM.  Therefore,  the  total  slip  flow  changed  from 
the  1 .2  at  the  end  of  0-30  exposure  to  2.2  at  the  end  of  0-40.  However,  the  clearance  only 
changed  from  2.66  to  3.25  to  accommodate  the  slip  flow  change.  Thus,  when  exposed  to  0-30, 
the  characteristic  clearance  of  the  pump  increased  by  1.2;  but,  when  exposed  to  0-40,  it  increased 
by  only  0.6.  By  studying  Fig.  5-1 , it  can  be  seen  that  this  trend  continues  as  long  as  the  flow 
degradation  is  constant. 


Now,  let  us  assume  that  the  amount  of  wear  debris  generated  by  a pump  is  directly  propor- 
tional to  the  change  in  this  characteristic  dimension.  Therefore,  since  the  flow  loss  increase  was 
constant  with  contaminant  size  range  for  Pump  B,  we  can  conclude  that  the  change  in  the  charac- 
teristic clearance  decreased  with  size.  Thus,  it  should  be  expected  that  the  wear  debris  generated 
when  the  pump  was  exposed  to  0-70  would  be  less  than  that  generated  from  the  0-30  exposure. 
By  observing  the  D54  values  in  the  summary  table  for  Pump  B,  it  will  be  seen  that  this  is  the 
case.  In  fact,  most  of  the  pumps  tested  revealed  a tendency  to  reach  a given  flow  loss  value  and 
remain  fairly  constant  for  subsequent  contaminant  injections.  This  could  account  for  the  peaking 
out  trend  observed  in  the  Ferrographic  density  results.  Of  course,  the  pumps  will  compensate 
for  some  of  the  wear  and  thus  will  probably  not  exactly  follow  the  preceding  theory. 
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CHAPTER  VI 
CONCLUSIONS 


From  the  data  presented  and  the  interpretation,  it  must  be  concluded  that  Ferrographic 
analysis  is  a powerful  technique  for  evaluating  the  wear  characteristics  of  fluid  power  compon- 
ents. Since  there  must  be  more  work  accomplished  in  this  area,  only  the  foolhardy  would 
venture  conclusions  of  a concrete  nature  However,  it  would  appear  that  the  characteristic 
clearance  theory  has  considerable  merit  and  could  prove  to  be  a major  breakthrough  in  pump 
contaminant  wear  theory.  In  fact,  further  investigation  into  this  phenomenon  could  provide 
the  key  to  successful  hydraulic  system  diagnostics  that  has  never  been  possible  in  the  past. 

The  data  obtained  from  the  extended  break-in  tests  would  indicate  that  the  pump  is  not 
completely  broken  in  at  the  normal  one-hour  constant  pressure  break-in  procedure.  However, 
a great  majority  of  the  normal  bTeak-in  process  has  been  completed  in  this  one  hour,  and  the 
seat-in  that  is  accomplished  in  another  hour  is  probably  of  little  value. 

Without  a doubt,  it  must  be  concluded  that  the  evidence  and  information  obtained  thus 
far  in  the  program  would  certainly  dictate  that  the  effort  be  continued.  The  analysis  which 
can  be  performed  on  the  Bichromatic  Microscope  offers  promise  of  a more  in<iepth  interpreta- 
tion. The  fact  that  the  Ferrographic  data  can  yield  so  much  information  relative  to  the  wear 
characteristics  of  a pump  would  indicate  that  such  rigorous  results  and  insight  can  be  obtained 

concerning  the  entire  system. 
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CHAPTER  VII 


RECOMMENDATIONS 


Based  on  inputs  from  the  majority  of  the  project  sponsors,  the  progress  made  to  date  on 
the  activity  certainly  indicates  that  it  should  be  continued.  Specifically,  it  has  been  suggested 
that  tests  be  conducted  on  no  more  than  five  more  pumps  in  order  to  fully  define  the  character- 
istic clearance  concept.  The  project  should  then  consider  the  testing  of  hydraulic  valves.  This 
effort  would  be  limited  to  directional  and  relief  valves  and  would  include  no  more  than  eight 


The  primary  thrust  of  the  continuation  of  this  project  would  be  towards  an  intensive 
field  system  evaluation  phase.  The  advice  received  from  industrial  sponsors  indicates  that 
most  hydraulic  systems  operating  in  the  field  are  not  independent  of  other  systems.  That  is, 
in  many  cases,  the  reservoir  for  the  hydraulic  system  is  actually  the  transmission  of  the  vehicle. 
Therefore,  the  wear  debris  entrained  in  the  system  fluid  could  be  generated  from  the  gears  and 
clutches  of  the  transmission  as  well  as  the  hydraulic  components.  In  general,  the  implicit 
concensus  of  the  industrial  sponsorship  is  that  the  laboratory  test  phase  of  this  project  was 
effective  in  providing  background  information  and  confidence  in  the  technique.  However,  due 
to  the  need  to  develop  an  effective  field  diagnostic  technique,  the  field  system  evaluation  should 
be  initiated  without  delay.  It  is  hoped  that  the  contract  monitors  of  the  MERDC  staff  will  con- 
cur with  these  recommendations. 
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FOREWORD 


This  report  presents  the  results  of  a study  to  develop  a complete  set  of  testing  procedures 
and  specifications  for  lube  oil  filters  which  would  be  industrially  acceptable  and  compatible 
with  U.S.  Army  MERDC  equipment.  The  effort  has  been  directed  towards  lube  oil  filters  utilized 
for  on-off  highway  diesel  engine  driven  vehicles.  The  primary  emphasis  of  this  year's  effort  has 
been  in  the  verification  of  the  test  procedures  and  promulgation  of  the  results  on  an  industrial 
basis  to  gain  the  support  and  understanding  ot  industry. 
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CHAPTER  I 


INTRODUCTION 


The  overall  objective  of  the  1975-76  MERDC-OSU  Lube  Oil  Filter  Program  was  to  com- 
plete the  formalization  of  a set  of  testing  procedures  and  specifications  for  lube  oil  filters  which 
would  be  industrially  acceptable  and  compatible  with  U.S.  Army  requirements.  This  project 
was  initiated  during  the  1973-74  MERDC-OSU  Program, and  several  basic  test  procedures  were 
developed  and  a number  of  verification  tests  conducted.  The  current  phase  represents  an  ex- 
tension of  that  work  with  emphasis  upon  the  verification  of  the  critical  test  methods  and  the 
promotion  of  the  methods  on  an  industrial  level. 

The  general  approach  used  for  the  development  of  the  lube  oil  filter  test  documents  relied 
heavily  upon  existing  test  methods  for  both  lubricating  and  hydraulic  oil  filters  as  well  as  current 
industrial  opinions.  After  an  extensive  literature  survey  was  conducted,  a questionnaire  was 
mailed  to  a broad  range  of  industrial  representatives.  First  drafts  of  the  necessary  test  methods 
were  formulated  and  meetings  of  the  industrial  advisors  held  to  review  and  revise  the  documents. 
Extensive  testing  at  OSU  was  initiated,  and  the  procedures  were  again  revised.  The  results  of 
this  effort  are  presented  in  the  last  year’s  MERDC-OSU  report,  Ref.  [ 1 ] . 

During  the  past  year,  the  project  was  continued  and  additional  procedure  veri- 
fication tests  conducted  to  establish  both  the  repeatability  (within  one  laboratory)  and  repro- 
ducibility (between  laboratories)  of  the  critical  methods.  In  addition,  a technical  paper  was 
written  and  presented  to  the  Society  of  Automotive  Engineers  [2]  in  order  to  enhance  indus- 
trial understanding  and  acceptance.  MERDC-OSU  personnel  also  were  active  on  the  SAE  lube 
oil  filter  test  methods  subcommittee  to  whom  ihe  procedures  have  been  submitted  for  adoption. 
Finally,  an  engine  wear  survey  was  conducted  of  industrial  representatives,  and  the  resulting  data 
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were  utilized  in  an  attempt  to  establish  proposed  filtration  requirements  for  MERDC  equip- 


Chapter  II  of  this  report  phase  outlines  the  test  procedures  recommended,  and  a complete 
copy  ot  the  revised  multi-pass  method  is  given  in  Appendix  B.  Chapter  III  discusses  the  results 
of  the  verification  testing,  and  the  actual  data  are  included  in  Appendix  A.  The  results  of  an 
attempt  to  establish  MERDC  engine  filtration  requirements  based  on  available  engine  wear 
data  are  presented  in  Chapter  IV,  and  a proposed  specification  is  given  in  Appendix  C.  Finally, 
conclusions  and  recommendations  are  given  in  Chapter  V. 


CHAPTER  II 


LUBE  OIL  FILTER  TESTING  PROCEDURES 


A set  of  1 1 test  procedures  was  proposed  in  Ref.  [ 1 ] for  evaluating  the  performance  of 
lube  oil  filters.  These  procedures  are  the  following: 


Multi-Pass  Method  for  Evaluating  the  Particle  Separation  Characteristics  of  a 
Lube  Oil  Filter  Element 


2.  A Recirculating  Method  for  Evaluating  the  Sludge  Removal  Characteristics  of 
? Lube  Oil  Filter  Element 


3.  Method  for  Determining  the  Fabrication  Integrity  of  a Lube  Oil  Filter  Element 


4.  Method  for  Verifying  the  Collapse/Burst  Resistance  of  a Lube  Oil  Filter  Element 


5.  Method  for  Verifying  the  Material  Compatibility  of  a Lube  Oil  Filter  Element 


6.  Method  for  Determining  the  Media  Migration  of  a Lube  Oil  Filter  Element 


7.  Method  for  Determining  the  Ash  Type  Oil  Additive  Removal  Characteristics  of  a 
Lube  Oil  Filter  Element 


8.  Method  for  Determining  the  Performance  of  Anti-Drainback  Valves  on  Lube  Oil 
Filters 


9.  Method  for  Verifying  the  Vibration  Fatigue  Resistance  of  a Lube  Oil  Filter 


"*  t XKf&z.s 


10.  Method  for  Verifying  the  Hydrostatic  Burst  Resistance  of  a Lube  Oil  Filter 


1 1 . Method  for  Evaluating  the  Performance  Characteristics  of  a Lube  Oil  Filter 
Relief  Valve 


The  effort  of  the  MERDC-OSU  Program  during  the  past  two  years  has  been  primarily 
concentrated  on  the  development  and  verification  of  the  first  procedure.  The  second  method 
is  currently  being  considered  by  the  SAE  lube  oil  filter  test  methods  subcommittee,  and  that 
group  is  attempting  to  develop  a workable  procedure,  The  remaining  nine  proposed  procedures 
are  similar  to  existing  SAE  standard  methods;  therefore,  no  verification  work  was  conducted 
by  OSU.  The  most  recent  version  of  the  multi-pass  test  method  is  contained  in  Appendix  B 
of  this  report,  while  brief  descriptions  of  the  other  ten  procedures  can  be  found  in  Ref.  [ 1 ] . 

The  multi-pass  test  for  evaluating  the  particle  separation  characteristics  of  a lube  oil  filter 
is  believed  to  be  the  most  important  of  all  the  tests.  Unless  a candidate  filter  is  capable  of 
controlling  the  abrasive  particulate  contamination  level  (which  is  its  primary  function),  its 
performance  on  the  remaining  tests  is  of  little  consequence.  The  test  developed  and  presented 
in  Appendix  B basically  involves  the  subjection  of  the  test  filter  to  constant  rated  flow  and 
continuous  contaminant  injection.  The  contaminant  not  removed  by  the  filter  is  allowed  to 
recirculate  back  to  the  reservoir  where  new  contaminant  is  added  — thus  the  name  multi-pass. 
Samples  are  extracted  from  upstream  and  downstream  of  the  test  filter,  and  particle  counts 
are  performed  on  the  samples.  The  results  are  reported  in  terms  of  filtration  or  alpha  (a) 
ratio,  which  is  the  ratio  of  the  cumulative  upstream  count  to  the  corresponding  downstream 
count  greater  than  a given  particle  size.  Alpha  (a)  is  utilized  to  represent  the  filtration  ratio 
for  lube  oil  filters  tested  with  AC  Coarse  Test  Dust  to  distinguish  it  from  the  Beta  term  utilized 
for  hydraulic  filters  with  AC  Fine  Test  Dust. 

The  multi-pass  test  method  has  been  proposed  to  SAE,  and  the  appropriate  subcommittee 
is  now  considering  adoption  of  the  procedure  as  a standard.  The  procedure  as  it  was  initially 
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proposed  called  for  a test  system  fluid  volume  equal  to  one-fourth  the  rated  How  (per  minute) 
value.  It  became  obvious  that,  for  low-rate  filters  such  as  those  used  on  small  diesel  engines  or 
automobiles,  the  required  volume  would  be  less  than  practical  for  most  test  facilities.  A revision 
was  suggested  at  SAL:  to  specify  the  system  volume  as  one-fourth  the  How  rate  plus  three  litres; 
thus,  there  would  never  be  less  than  three  litres  of  fluid  in  the  test  system.  Since  the  volume 
of  the  test  system  is  actually  critical  only  during  the  very  early  stabilization  part  of  a normal 
test,  this  revision  should  create  no  repeatability  problems  while  greatly  extending  the  applica- 
bility of  the  test. 

In  order  to  further  promote  the  multi-pass  test  method  for  lube  oil  filters  on  an  industrial 
level,  a technical  paper  was  written  by  OSU  personnel.  This  paper,  entitled  “Lube  Oil  Filter 
Evaluation”  [2],  was  presented  to  the  1975  SAE  Off-Highway  Vehicle  Meeting  in  Milwaukee, 
Wisconsin,  September  8-1 1,  1975.  This  paper  presented  the  results  of  the  initial  MERDC-OSU 
study  in  order  to  familiarize  the  industry  with  the  test  methods.  Preliminary  repeatability  and 
discriminatory  characteristics  of  the  test  method  were  also  included.  The  response  to  the  paper 
presentation  was  very  encouraging,  and  it  is  believed  that  the  industrial  understanding  and 
acceptance  of  the  test  procedure  was  enhanced  by  the  presentation. 
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CHAPTER  ill 

MULTI-PASS  TEST  PROCEDURE  VERIFICATION 

A number  of  multi-pass  tests  were  conducted  during  the  initial  year  of  the  MERDC-OSU 
Lube  Oil  Filter  Project.  The  results  of  these  tests  which  established  the  initial  repeatability 
and  discriminatory  characteristics  of  the  procedure  are  presented  in  Ref.  [ 1 ] . During  the 
immediate  past  year,  several  additional  tests  were  conducted  with  emphasis  on  completing 
the  previous  effort  and  in  addition  to  establish  the  reproducibility  characteristics  of  the  proce- 
dure between  various  laboratories. 

DISCRIMINATION 

Table  3-1  is  a compilation  of  the  results  from  all  the  filter  tests  which  have  been  conduct- 
ed at  OSU  in  accordance  with  the  latest  multi-pass  test.  Complete  data  sheets  are  included  in 
Appendix  A.  A quick  scan  through  these  results  will  reveal  the  wide  range  of  filters  which  are 
available  on  today’s  market.  All  of  these  filters  were  submitted  to  OSU  by  industrial  represent- 
atives of  both  the  filter  manufacturer  and  end-item  advisory  groups  and  were  supposed  to  be 
representative  of  typical  lube  oil  filters  for  on-off  highway  diesel  engine  driven  vehicles.  The 
filters  reported  in  Table  3-1  were  all  tested  at  the  specified  rated  flow  and  a terminal  pressure 
drop  of  2.76  bar  differential  (40  psid).  The  relief  valve  was  blocked,  except  in  those  cases 
where  the  valve  was  an  integral  part  of  a spin-on  can  type  filter.  In  these  cases,  the  terminal 
pressure  drop  was  generally  reduced  to  below  the  rated  relief  valve  cracking  pressure. 
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TABLE  3-1.  COMPILATION  OF  OSU  MULTI-PASS  TEST  RESULTS  ON  LUBE  OIL  FILTERS. 


FPRC 

NO. 


328C 

328G 

3281 

32  8J 

329B 

330 B 

331 A 

332A 

333A 

333B 

333C 

334C 

335A 

336A 

337  B 

338A 

339A 

340F 

341 A 

342B 

343D 

344B 

345A 

346A 

347  A 

350B 

351 A 

352A 

384B 

384C 

385A 

386A 

401 A 

40 2 C 

403E 

404 A 

405D 

406E 

407  E 

408 E 

410  A 

41  OB 

41 OC 


RATED 

FLOW 


ARITHMETIC  AVERAGED  FILTRATION  RATIOS 


ACCTD 

CAPACITY 

(grams) 


I'rom  Ihe  results  shown  in  Table  3*1 , it  cun  be  seen  that  the  lowest  average  a value 
measured  was  1.12,  Since  the  filtration  ratio  is  the  ratio  of  the  cumulative  upstream  lOpM 
count  to  the  respective  downstream  count,  the  possibly  more  familiar  term  of  separation 
efficiency  can  be  calculated  by  [(a  - I )/a]  x [ 1 00%  ] . Thus,  the  a1 0 value  of  1 . 1 2 corre- 
sponds to  a cumulative  10/uM  efficiency  of  only  10.71%.  The  maximum  «l0  value  encount- 
ered was  36.5,  which  is  equal  to  an  efficiency  of  97.26%.  This  certainly  represents  a wide 
spread  in  filter  performance. 


Likewise,  the  ACCTD  capacity,  which  is  the  total  quantity  of  AC  Coarse  Test  Dust  added 
to  the  system  when  the  terminal  pressure  drop  is  attained,  shows  a wide  range  for  the  filters 
tested.  1 he  minimum  value  obtained  was  1 1.4  grams  and  is  more  than  two  orders  of  magni- 
tude lower  than  the  maximum  of  1244  grams.  Of  course,  the  filter  size  and  separation  per- 
formance must  be  considered  when  comparing  capacities;  however,  this  is  still  quite  a signifi- 
cant difference. 


In  order  to  graphically  illustrate  the  wide  range  of  filters  available  and  to  demonstrate 
the  capability  of  the  multi-pass  procedure  to  discriminate  between  different  filters,  a plot 
of  average  filtration  ratio  versus  particle  size  for  various  filters  is  given  in  Fig.  3-1.  These 
idlers  represent  just  a few  of  those  from  Table  3-1  but  cover  a wide  cross-section  of  perform- 
ance capabilities.  It  can  be  easily  seen,  from  either  Table  3-1  or  Fig.  3-1,  that  the  multi-pass 
test  method  has  good  discrimination  characteristics. 

REPEATABILITY 

It  is  a necessary  but  not  sufficient  condition  for  a test  method  to  discriminate  between 
unlike  test  specimens.  In  addition,  and  of  equal  importance,  the  procedure  must  provide 
similar  results  for  identical  specimens.  Several  tests  were  performed  to  demonstrate  the 
repeatability  characteristics  of  the  multi-pass  test,  Multiple  tests  were  conducted  on  element 
numbers  328,  333,  384,  and  410.  The  results  can  be  found  in  Table  3-1,  and  the  a ratio 
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Fjg.  3-1.  Discriminatory  Characteristics  of  Multi-Pass  Test  Method. 


plots  are  given  in  Figs.  3-2 
through  3-4.  These  data 
undeniably  reveal  the  excell- 
ent repeatability  character- 
istics of  the  test  method.  It 
can  be  seen  from  the  results 
of  all  the  filters  evaluated  for 
repeatability  characteristics 
that  the  deviation  or  spread 
in  the  data  is  more  appreci- 
able at  the  larger  particle 
sizes  and  larger  values  of 
alpha.  This  data  scatter  is 
primarily  due  to  the  low 
number  of  particles  in  the 
downstream  samples  which 
occurs  when  the  alpha  values 
are  high.  Sampling  and 
statistical  counting  errors 
are  more  significant  when 


this  condition  occurs.  It  is  not  unusual  for  the  alpha  curves  to  “break  over”  at  high  values 
due  to  such  imperfections  in  fluid  sampling  and  analysis.  This  phenomenon  may  also  be 
caused  by  leakage  through  and  around  element  seals  or  through  leaky  relief  valves. 


REPRODUCIBILITY 

Another  primary  characteristic  of  a candidate  test  method  is  that  it  must  be  capable  of 
resulting  in  similar  data  when  identical  specimens  are  evaluated  in  different  laboratories.  Data 
were  obtained  from  other  laboratories  on  two  of  the  filters  which  OSU  had  ested  a number  of 
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PARTICLE  SIZE,  pM 

F«.  3-2.  Repeatability  Characteristics  for 
Element  No.  328. 


PARTICLE  SIZE,  ,mM 

Fjg.  3-3.  Repeatability  Characteristics  for 
Element  No.  333. 


times  for  repeatability.  These  results  are  listed  in  Table  3-2  for  element  numbers  333  and  410. 
Element  333  was  evaluated  in  a total  of  three  laboratories  including  OSU.  The  results  delineat- 
ed in  Table  3-1  are  plotted  in  Fig.  3-5  and  demonstrate  excellent  reproducibility  between  the 
different  laboratories.  Element  410,  which  was  much  “coarser”  than  number  333,  was  tested 
in  two  laboratories.  The  resulting  data  are  also  listed  in  Table  3-2  and  are  plotted  in  Fig.  3-6. 
When  these  data  are  compared  to  the  total  data  summary  and  the  discriminatory  characteristics 
in  Fig.  3-1,  the  excellent  reproducibility  cannot  be  questioned. 
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TABLE  3-2.  REPRODUCIBILITY  DATA  FROM  MULTI-PASS  TEST. 


Filter 

No. 

Lab 

Rated 

Flow 

(2pm) 

ARITHMETIC  AVERAGED  FILTRATION  RATIOS  | 
1 

“lO 

O' 

20 

OL* 

30 

a 

40 

^O 

333A 

A 

75.7 

1.68 

6.10 

41.40 

118.60 

333B 

A 

75.7 

1.62 

5.97 

33.20 

96.40 

333C 

A 

75.7 

1.62 

8.46 

41.80 

94.90 

333AA 

B 

75.7 

2.65 

9.01 

46.70 

55.30 

oo 

333BB 

C 

75.7 

1.59 

6.86 

25.40 

80.10 

112.00 

333CC 

c 

75.7 

1.64 

6.22 

32.90 

91.40 

82.30 

410  A 

A 

45.4 

1.27 

1.48 

2.16 

3.19 

6.50 

41  OB 

A 

46.4 

1.20 

1.36 

1.79 

2.96 

4.71 

41 OC 

A 

46.4 

1.25 

1.38 

1.78 

3.09 

7.31 

410AA 

C 

45.4 

1.47 

1.67 

2.16 

2.95 

4.03 

410BB 

C 

46.4 

1.10 

1.20 

1.40 

2.05 

2.26 

ACCTD 

Capacity 

(grams) 


64. e 
60.2 
60.7 
74.9 
70.6 
70.2 

186.0 

118.8 

121.3 

116.4 

121.0 
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Fig.  3-6.  Reproducibility  Data  for  Element  No.  410. 
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ESTABLISHMENT  OF  ENGINE  FILTRATION  REQUIREMENTS 
FOR  MERDC  EQUIPMENT 


t 

One  additional  study  to  be  conducted  during  this  phase  of  the  MERDC-OSU  Program 
was  an  attempt  to  establish  filtration  requirements  for  typical  on-off  highway  diesel  engines 
utilizing  any  available  data.  Basically,  in  order  to  determine  the  filtration  level  required, 
several  important  pieces  of  information  must  be  known.  These  include  the  contaminant 
ingression  rate,  the  particle  size  distribution  of  the  ingressed  contaminant,  and  the  contamin- 
ant sensitivity  of  the  critical  engine  components. 


The  plan  of  attack  taken  by  OSU  personnel  to  establish  the  above  requirements  was 
first  to  conduct  an  extensive  literature  survey,  then  to  send  a questionnaire  to  all  industrial 
participants.  The  literature  survey  was  conducted  and  the  general  bibliography  of  this  report 
delineates  the  most  pertinent  publications  found.  A letter  was  sent  to  all  industrial  advisors 
asking  for  engine  wear  data  of  which  they  were  aware  and  which  might  be  applicable  to  the 
MERDC-OSU  effort.  Very  few  responses  were  obtained  which  seem  to  indicate  that  little 
of  these  type  studies  have  been  conducted.  The  following  paragraphs  summarize  the  finding! 
of  these  surveys. 

The  total  contaminant  ingression  required  includes  that  contaminant  which  enters  the 
lubrication  oil  from  the  external  environment,  the  contaminant  which  is  generated  internally 
from  wearing  surfaces,  and  the  contaminant  which  is  built  in  or  is  added  with  oil  replenish- 
ment. There  have  been  studies  conducted  and  reported  relative  to  typical  ingression  rates 
experienced  in  diesel  engines,  however,  these  studies  generally  consider  only  the  contaminant 
which  enters  the  system  from  the  external  environment  either  through  air  breathers  or  other 
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sources.  Grim  [3]  reported  that,  in  laboratory  testing,  one  gram  of  dust  injected  per  hour 
produced  a wear  rate  comparable  to  the  highest  wear  rate  experienced  by  operators  in  areas 
where  abrasive  dust  conditions  are  severe,  engine  operating  conditions  are  bad,  and  mainten- 
ance is  poor.  In  his  tests,  he  was  introducing  standard  AC  Fine  Test  Dust  as  the  abrasive 
contaminant.  Buckman  and  Kemp  [4]  reported  that  sludge  generation  for  2.1  litre  diesel 
engines  was  in  the  order  of  3-4  grams  per  100  miles.  These  engines  though  were  generally 
on  highway  vehicles  and  cannot  be  directly  compared  with  the  tractor  ingression  rates 
reported  by  Grim.  There  have  been  a few  other  attempts  to  estimate  the  ingression  into 
engines;  however,  most  work  has  been  conducted  on  gasoline  engines  or  diesel  engines 
utilized  strictly  for  on-highway  applications. 

Very  little  literature  could  be  found  relative  to  the  particle  size  distribution  of  ingress- 
ed  contaminant  for  typical  diesel  engines.  Of  course,  the  distribution  of  contaminant  enter- 
ing through  the  air  cleaner  is  directly  dependent  upon  the  contaminant  exposed  to  the  cleaner 
and  the  particle  separation  characteristics  of  the  cleaner.  Decker  and  Bailey  [5]  gave  a table 
for  the  relative  particle  size  distribution  of  dust  samples  at  various  heights  above  the  ground 
level  which  would  be  a direct  indication  of  the  contaminant  exposed  to  the  air  cleaner  inlet. 
However,  these  distributions  are  forgiven  conditions  which  may  or  may  not  be  representa- 
tive of  typical  MERDC  equipment  environments.  Den  Besten  et  al  [6]  present  typical  particle 
size  distribution  in  the  effluent  of  various  air  cleaners  with  AC  Test  Dust  exposed  to  the  inlet. 
These  data  indicate,  as  one  would  expect,  that  large  variations  occur,  depending  upon  the 
characteristics  of  the  air  cleaner.  Based  on  this  available  information,  it  is  extremely  difficult 
to  estimate  a typical  ingression  particle  size  distribution. 

The  final  and  most  important  information  required  to  establish  engine  filtration  require- 
ments is  the  sensitivity  of  the  critical  engine  components  to  contaminant  wear.  The  data 
necessary  must  include  an  estimation  of  the  sensitivity  (wear  rate)  of  engines  with  respect 
to  both  various  particle  size  ranges  and  concentrations.  McClelland  and  Billett  presented  a 
table  of  the  relative  effect  of  various  particle  size  ranges  upon  engine  wear.  These  tests  were 
conducted  with  the  addition  of  classified  AC  Fine  Test  Dust  without  a lube  oil  filter.  Data 
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were  also  revealed  to  OSU  by  an 
industrial  advisor  which  present  the 
same  basic  results;  however,  in  these 
tests,  a “so  called"  40  micron 
absolute  filter  was  utilized.  Fig. 

4-1  shows  graphically  the  results  of 
these  two  test  programs  where  the 
particle  size  scale  represents  the 
mid-range  of  the  particle  size  inter- 
val injected.  In  one  case,  the  maxi- 
mum rate  occurred  for  the  10-20 
micrometre  injection;  and,  in  the 
other  instance,  the  maximum  was 
at  5-10  micrometres. 

The  contamination  level 
utilized,  however,  was  not  made 
available  for  either  of  the  studies. 

In  order  to  accurately  define  the 
engine  contaminant  sensitivity  in  terms  compatible  with  filtration  requirements,  the 
effect  of  various  particle  concentrations  of  different  particle  sizes  must  be  known.  This 
type  of  information  was  not  located  in  the  literature  or  in  the  data  supplied  by  industrial 
advisors. 

Because  of  the  lack  of  specific  data  relative  to  engine  contaminant  sensitivity,  it  is 
impossible  to  determine  an  accurate  estimation  of  the  filtration  levels  required  for  typical 
MERDC  on-off  highway  diesel  engine  driven  equipment.  The  proposed  specification  level 
given  in  Ref.  [1  ] was  a minimum  average  filtration  ratio  of  3.2  at  10  micrometres.  Based 
upon  the  48  multi-pass  tests  conducted  on  35  different  models  of  lube  oil  filters  and  report- 
ed in  Tables  3-1  and  3-2,  it  appears  that  a minimum  average  0 ratio  of  3.2  is  higher  than 

IV-17 


Fig.  4-1.  Engine  Wear  Rates  Vs.  Particle  Size. 
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is  currently  being  utilized  for  on-off  highway  equipment,  as  71%  of  the  filters  tested  had 
average  al  0 values  less  than  3.2.  The  median  for  all  the  filters  tested  is  approximately  equal 
to  an  Oj  0 value  of  2.0.  This  corresponds  to  a cumulative  separation  efficiency  at  1 0 micro- 
metres of  50%.  This  value  seems  to  be  in  line  with  some  existing  industrial  specifications, 
and  it  is  recommended  that  MERDC  utilize  this  value  of  a10  ultil  the  necessary  engine  wear 
data  are  available  to  accurately  determine  the  required  protection  level.  A value  of  2.0 
also  appears  to  be  the  median  for  those  filters  submitted  by  end-item  industrial  users, 
which  is  probably  a more  accurate  representation  of  the  quality  of  filters  suited  for  their 
equipment. 


CHAPTER  V 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  primary  objective  of  the  MERDC-OSU  Lube  Oil  Filter  Program  was  to  develop  an 
entire  set  of  test  procedures  and  specifications  for  lube  oil  filters  which  were  industrially 
acceptable  and  compatible  with  U.S.  Army  MERDC  requirements.  Specifically,  the  direction 
of  this  year’s  effort  was  towards  the  establishment  of  the  repeatability  and  reproducibility 
of  the  multi-pass  test  method  in  order  to  gain  industrial  acceptance.  In  addition,  all  available 
information  was  to  be  scanned  in  an  attempt  to  establish  filtration  requirements  based  on 
engine  wear  data.  It  is  believed  that  the  objectives  of  the  lube  oil  filter  program  were  met 
as  delineated  in  the  preceding  chapters. 

A total  of  48  filter  tests  utilizing  the  multi-pass  method  have  been  conducted  at  OSU 
and  two  other  laboratories  to  establish  the  repeatability,  reproducibility,  and  discriminatory 
characteristics  of  the  test  procedure.  The  results  of  most  of  these  data  have  been  revealed 
to  industry  either  through  handouts  and  discussions  at  the  SAE  lube  oil  filter  test  methods 
subcommittee  or  through  the  presentation  of  a technical  paper  at  an  SAE  national  conven- 
tion. These  presentations  were  made  to  familiarize  industry  with  the  test  method  and  to 
help  gain  industrial  acceptance.  In  addition,  a presentation  is  scheduled  before  the  Regular 
Common  Carriers  Maintenance  Conference  later  in  1976.  The  SAE  subcommittee  is  currently 
considering  the  adoption  of  the  procedure  as  an  industrial  standard. 

A proposed  specification  is  included  in  Appendix  C for  MERDC  equipment  lube  oil 
filters.  The  primary  specification  value  for  the  particle  separation  characteristics  (filtration 
ratio)  resulting  from  the  multi-pass  test  is  proposed  as  2.0  minimum  for  the  10/iM  size.  An 
attempt  was  made  to  accurately  specify  the  filtration  level  required  based  upon  existing  engine 
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wear  data;  however,  sufficient  data  to  make  such  a determination  was  not  available.  The 
minimum  average  oil  value  of  2.0  was  thus  determined  from  the  median  of  the  tests  con- 
ducted on  the  filters  which  were  representative  of  those  currently  being  utilized  for  on-off 
highway  diesel  engine  driven  vehicles. 

It  is  recommended  that,  in  order  to  receive  maximum  benefit  from  the  MERDC-OSU 
lube  oil  studies,  additional  test  work  be  performed  on  diesel  engine  contaminant  sensitivity. 
These  tests  must  be  precisely  controlled  to  determine  the  relative  sensitivity  to  both  various 
particle  sizes  and  concentrations.  One  of  the  initial  requirements  of  such  a study  would  be 
to  determine  which  parameter  to  measure  for  an  indication  of  engine  wear  or  performance 
degradation.  It  would  be  preferable  that  the  engine  not  be  disassembled  between  contamin- 
ant injections  to  eliminate  possible  influences. 

A primary  advantage  which  could  be  gained  from  such  a contaminant  sensitivity  evalua- 
tion is  the  determination  of  whether  filters  utilized  on  hydraulic  systems  could  be  used  inter- 
changeably with  lube  oil  filters.  The  economic  factors  of  such  interchangeability  are  obvious 
in  the  quantity  purchasing,  storage,  and  maintenance  advantages.  The  authors  of  this  report 
can  see  no  obvious  reason  why  such  a specification  could  not  be  made;  however,  more  specific 
data  are  required  for  accurate  determinations. 
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MULTIPASS  METHOD  FOR  EVALUATING  THE  PARTICLE  SEPARATION 


CHARACTERISTICS  OF  A LUBE  OIL  FILTER  ELEMENT 

1.0  INTRODUCTION  A lube  oil  filter  is  expected  to  possess  structural  integrity, 
particle  separation  performance,  and  resistance  to  agglomerative  plugging.  Each 
of  these  evaluation  factors  can  be  assessed  by  conducting  individual  tests. 

This  procedure  deals  only  with  the  aspect  of  particle  separation  performance. 

It  was  intentionally  designed  to  isolate  all  other  factors  which  could  influence 
the  results. 

Since  the  true  purpose  of  a lube  oil  filter  is  to  capture  and  retain  abrasive  type 
particles  which  are  potentially  harmful  to  the  system,  a filter  above  all  must 
display  adequate  particle  separation  characteristics. 

An  important  facet  of  this  multi-pass  lube  oil  filter  test  procedure  is  the  nature 
of  the  test  results.  These  results  have  mathematical  significance  in  that  they  can 
be  used  to  describe  and  predict  the  influence  of  the  filter  in  an  actual  system. 

2.0  SCOPE  To  include  a multi-pass  particle  separation  test  for  lube  oil  filter  elements. 
It  is  a procedure  for  determining  the  contaminant  capacity,  particulate  removal, 
and  pressure  loading  characteristics.  AC  Coarse  Test  Dust  (ACCTD)  is  used  as  the 
test  contaminant. 

3.0  PURPOSE  To  provide  a reproducible  test  procedure  for  appraising  the  particle 
separation  performance  of  a lube  oil  filter  element 

4.0  REFERENCES 
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4.1  International  Standard  Rules  for  the  Use  of  Units  of  the  International  System  of 
Units  and  a Selection  of  the  Decimal  Multiples  and  Sub-Multiples  of  SI  Units, 
ISO/R  1000-1969. 

4.2  International  Standard  Graphical  Symbols  for  Hydraulic  and  Pneumatic  Equipment 
and  Accessories  for  Fluid  Power  Transmission,  ISO/R  1219-1970.  Agrees  with 
ANS1/Y32. 10-1967. 

4.3  International  Standards  Organization  Standard  Draft  Proposal  Method  for  Calibra- 
tion of  Liquid  Automatic  Particle  Counters  Using  “AC”  Fine  Test  Dust.  1SO/TC 
131/SC  6 (USA-9)  12.  (ANSI  B93.28-1973) 

4.4  American  National  Standard  Procedure  for  Qualifying  and  Controlling  Cleaning 
Methods  for  Hydraulic  Fluid  Power  Fluid  Sample  Containers,  1SO/TC  131/S C 6 
(USA-8)  9.  (ANSI/B93.20-1972) 

4.5  Society  of  Automotive  Engineers  Determination  of  Hydraulic  Pressure  Drop, 
SAE/ARP  24B-1968. 

4.6  American  National  Standard  Method  for  Extracting  Fluid  Samples  from  the  Lines 
of  an  Operating  Hydraulic  Fluid  Power  System  (for  Particulate  Contamination 
Analysis),  ISO/TC  131/SC  6 (USA-2)  3.  (ANS1/B93.19-1972) 

4.7  Society  of  Automotive  Engineers  Procedure  for  the  Determination  of  Particulate 
Contamination  in  Hydraulic  Fluids  by  the  Control  Gravimetric  Procedure,  SAE/ 
ARP  785-1963. 

4.8  American  National  Standard  Method  of  Determining  the  Fabrication  Integrity  of 
a Hydraulic  Fluid  Power  Filter  Element,  ISO/D1S  2942.  (ANSI/B93.22-1972) 

5.0  TERMS  AND  DEFINITIONS 


"I  t. 
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5.1  Filtration  Ratio  (o.^  ) The  ratio  of  the  number  of  particles  greater  than  a given 
size  (p)  in  the  influent  fluid  to  the  number  of  particles  greater  than  the  same 
size  (p)  in  the  effluent  fluid.  • 

5.2  Terminal  Pressure  Drop  The  maximum  pressure  drop  permitted  across  the  filter 
element  as  specified  by  the  manufacturer  before  a change  is  required. 

5.3  Net  Pressure  Drop  The  difference  between  the  terminal  pressure  and  the  pressure 
drop  across  a clean  element. 

5.4  ACCTD  Capacity  The  actual  weight  (grams)  of  AC  Coarse  test  contaminant 
injected  into  the  filter  test  system  before  the  terminal  pressure  drop  is  reached. 

5.5  Multi-Pass  Test  A test  which  requires  the  recirculation  of  unaltered  effluent 
fluid  through  the  filter  element. 

6.0  UNITS  The  International  System  of  Units  (SI)  is  used  in  accordance  with  Ref. 

No.  1 1 J. 

7.0  LETTER  SYMBOLS  (Letter  symbols  are  used  in  accordance  with  Ref.  No.  11].) 

8.0  GRAPHIC  SYMBOLS  Graphic  symbols  used  are  in  accordance  with  Ref.  No.  (2). 

9.0  GENERAL  PROCEDURE  OUTLINE 

9. 1 Set  up  and  maintain  apparatus  per  section  1 1 . 

9.2  Run  all  tests  per  sections  12,  13,  and  14. 

9.3  Analyze  data  from  sections  12,  13,  and  14  per  section  15. 

9.4  Present  data  from  sections  14  and  15  per  section  16. 

•Th«  nitration  ratio,  01,  rerulta  from  a multi-pass  (liter  test  using  ACCTD  as  the  test  contaminant. 

| 
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10.0  MEASUREMENT  ACCURACY  Measure  flow,  pressure,  and  temperature  para- 
meters within  2%  of  the  true  value. 

11.0  TEST  EQUIPMENT 

11.1  Use  a suitable  timer  for  measuring  minutes  and  fractions  of  minutes. 

1 1.2  Use  automatic  particle  counter  calibrated  per  Ref.  No.  (3)  or  any  ISO-approved 
counting  method. 

1 1.3  Use  AC  Coarse  Test  Dust. 

1 1.4  Use  sample  bottles  containing  less  than  1.5  particles  per  millilitre  per  bottle 
volume  greater  than  10  micrometres  as  qualified  per  Ref.  [4], 

1 1.5  Use  test  fluid  conforming  to  Mil-H-5606,  NATO  symbol  H-515,  or  DTD585  B 
Hydraulic  Fluid  Specification. 

1 1.6  Use  a filter  performance  test  circuit  comprised  of  a “filter  test  system”  and  a 
“contaminant  tnjection  system ” as  typified  in  Fig.  B-l. 

1 1.6.1  The  filter  test  system  consists  of: 

1 1.6. 1.1  A reservoir  constructed  with  a conical  bottom  displaying  an  included  angle  of 
not  more  than  90°  with  the  entering  oil  diffused  below  the  fluid  surface. 

1 1.6.1. 2 A hydraulic  pump  which  is  essentially  insensitive  to  contaminant  at  the 
operating  pressures.  WARNING:  Pumps  exhibiting  excessive  flow  pulses 
will  cause  erroneous  results. 

1 1.6. 1.3  A system  clean-up  filter  capable  of  providing  an  initial  system  contamination 
level  of  less  than  1 5 particles  per  millilitre  greater  than  1 0 micrometres. 
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I 1.6. 1.4  Pressure  gauges,  temperature  indicator,  and  controller  and  flowmeter. 

1 1 .6.1.5  Pressure  taps  in  accordance  with  Ref.  No.  [5]. 

11.6.1.6  A turbulent  sampling  means  located  upstream  and  downstream  of  the  test 
filter.  Sample  per  Ref.  No.  [6]  or  any  other  ISO-approved  sampling  method. 

1 1.6. 1.7  Interconnecting  lines  which  insure  that  turbulent  mixing  conditions  exist 
throughout  the  filter  test  system  and  that  contaminant  traps,  silting  areas,  and 
combinations  of  cyclonic  separation  zones  and  quiescent  chambers  are  avoided. 

1 1.6.2  The  contaminant  injection  system  consists  of: 

1 1.6.2. 1 A reservoir  constructed  with  a conical  bottom  displaying  an  included  angle 
of  not  more  than  90°  with  the  entering  oil  diffused  below  the  fluid  surface. 

1 1. 6.2.2  A system  clean-up  filter  capable  of  providing  an  initial  contamination  level  of 
less  than  1 000  particles  per  millilitre  greater  than  1 0 micrometres  and  a gravi- 
metric level  less  than  2 percent  of  the  calculated  level  at  which  the  test  is  being 
conducted. 

1 1. 6.2.3  A hydraulic  pump  (centrifugal  or  other  types  which  do  not  alter  the  contamin- 
ant particle  size  distribution). 

1 1. 6.2.4  A sampling  means  for  the  extraction  of  a small  flow  (injection  flow)  from  a 
point  in  the  contaminant  injection  system  where  active  circulation  of  fluid  exists. 
Samples  per  Ref.  No.  [6]. 

8.6.2.5  Interconnecting  lines  which  insure  that  turbulent  mixing  conditions  exist  through- 
out the  contaminant  injection  system  and  that  contaminant  traps,  silting  areas, 
and  combinations  of  cyclonic  separation  zones  and  quiescent  chambers  are  not 
present.  In  particular,  turbulent  mixing  conditions  (average  fluid  velocity  of 
greater  than  20  feet  per  second)  must  exist  throughout  the  length  of  the  line 
conducting  the  injection  fluid. 
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1 1.7  Use  membranes  and  associated  laboratory  equipment  suitable  for  conducting  the 
double  membrane  gravimetric  method  per  Ref.  No.  [7 1 . 

12.0  TEST  FACILITY  VALIDATION  PROCEDURE 

12.1  Validation  of  filter  test  system. 

12.1.1  Validate  at  the  minimum  flow  that  the  filter  test  system  will  be  operated. 
NOTE:  Install  a conduit  in  place  of  a filter  housing  during  validation. 

12.1.2  Adjust  the  total  test  system  fluid  volume  to  be  numerically  equal  to  three  litres 
plus  one-fourth  the  minimum  volume  flow  per  minute  value. 

12.1.3  Contaminate  the  system  fluid  to  a calculated  gravimetric  level  of  25  milligrams 
per  litre  using  AC  Coarse  Test  Dust. 

12.1.4  Circulate  the  fluid  in  the  test  system  for  one  hour,  extracting  fluid  samples  at 
15,  30,  45,  and  60  minutes. 

12.1.5  Analyze  the  four  fluid  samples  and  record  three  cumulate  particle  counts  at  10, 
20,  30,  40,  and  50  micrometres  for  each  sample. 

12.1.6  Accept  the  validation  test  only  if: 

12.1.6.1  The  average  of  all  four  particle  counts  obtained  for  a given  size  from  each 
sample  does  not  deviate  more  than  10  percent  from  the  average  particle  counts 
of  that  size  from  all  samples. 

12.1.6.2  The  average  of  all  particle  counts  per  millilitre  at  10  micrometres  is  not  less 
than  2000  nor  more  than  3000. 

12.1.6.3  The  particle  counts  per  millilitre  at  40  micrometres  are  not  less  than  60  nor 
more  than  80. 
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Validation  of  contaminant  injection  system. 


12.2.1  Validate  at  the  maximum  gravimetric  level,  maximum  injection  circuit  volume, 
and  the  minimum  injection  flow  rate  to  be  used;  refer  to  clauses  13.2.2  and 
13.2.3. 

12.2.2  Add  the  required  quantity  of  contaminant  in  slurry  form  to  the  injection  system 
fluid  and  circulate  lor  at  least  1 5 minutes. 

12.2.3  Extract  fluid  samples  at  the  point  where  the  injection  fluid  is  discharged  into  the 
filter  test  system  at  four  equal  time  intervals  based  upon  the  depletion  rate  of  the 
system.  (The  injection  flow  should  not  be  stopped  throughout  this  test.)  Analyze 
each  sample  gravimetrically  per  Ref.  No.  [7], 

12.2.4  Accept  the  validation  test  only  if  the  gravimetric  level  of  each  sample  is  within 
+ 10  percent  of  the  average  of  the  four  samples  and  + 10  percent  of  the  known 
gravimetric  value. 

13.0  PRELIMINARY  PREPARATION 

13.1  Test  filter  assembly. 

13.1.1  Insure  that  test  fluid  cannot  by-pass  the  filter  element  to  be  evaluated. 

13.1.2  Subject  the  test  filter  element  to  a fabrication  integrity  test  in  accordance  with 
Ref.  No.  [8]. 

13.1.2.1  Disqualify  the  element  from  further  testing  if  it  fails  to  exhibit  at  least  the 
designated  test  pressure. 

13.1.2.2  Where  applicable,  allow  the  fluid  to  evaporate  from  the  test  filter  element  before 
installing  in  the  test  filter  housing. 
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13.2  Contaminant  injection  system. 


13.2.1  Using  25  mg/litre  as  a base  upstream  gravimetric  level,  calculate  the  predicted 
test  time  (r)  in  minutes  by  the  following  equation: 

, _ (Estimated  ACCTD  Capacity  of  Filter  Element,  mg)_ 

T ~ (25  mg/litre)  (Test  Flow  Rate,  litres/minute) 

A second  element  may  be  tested  for  capacity  analysis  if  the  estimated  value 
of  the  ACCTD  apparent  capacity  of  the  test  element  is  not  supplied  by  the 
filter  manufacturer. 

13.2.2  Calculate  the  minimum  required  operating  injection  system  volume  (o,  litres) 

which  is  compatible  with  the  above  predicted  test  time  (r  ) and  a value  for  the 
injection  flow  of  0.5  litres/minute  using  the  following  equation: 

a = 1.2  (r  , minutes)  (Injection  Flow,  litres/minute) 

NOTES: 

1 The  volume  calculated  above  will  assure  a sufficient  quantity  of  contam- 
inated fluid  to  load  the  test  element  plus  20  percent  for  adequate  circula- 
tion throughout  the  test.  Larger  injection  system  volumes  may  be  used. 

2.  The  0.5  litres/minute  value  of  the  injection  flow  insures  that  the  down- 
stream sample  flow  expelled  from  the  filter  test  system  will  not  significantly 
influence  the  test  results  at  the  lower  flow  rate  restriction  given  in  the 
scope.  Lower  injection  flow  rates  may  be  used  provided  that  the  desired 
base  upstream  gravimetric  level  is  maintained.  An  injection  flow  rate 
below  0.25  litres/minute  is  not  recommended  due  to  silting  characteristics 

and  accuracy  limitation. 


IV-62 


13.2.3  Calculate  the  gravimetric  level  (y\  mg/litre)  of  the  injection  system  fluid  using 
the  following  equation: 

(25  ing/litre)  (Test  Flow,  litres/minute) 

^ (Injection  Flow,  litres/minute) 


13.2.4  Calculate  the  quantity  of  contaminant  (co,  grams)  needed  for  the  contaminant 
injection  system  by  the  following  equation: 


to(grams)  = 


(y\  mg/litre)(lnjection  System  Volume,  litres) 
1000 


13.2.5  Adjust  the  injection  flow  rate  at  stabilized  temperature  to  Within  + 5 percent 
of  the  value  selected  in  clause  13.2.2  and  maintain  throughdut  the  test. 

13.2.6  Adjust  the  total  volume  of  the  contaminant  injection  system  to  the  value 
determined  in  clause  13.2.2. 

13.2.7  Circulate  the  fluid  in  the  contaminant  injection  system  through  its  system  clean- 
up filter  until  a contamination  level  of  less  than  1000  particles  per  millilitre 
greater  than  10  micrometres  and  a gravimetric  level  less  than  2 percent  of  the 
value  determined  in  clause  13.2.3  are  attained. 

13.2.8  By-pass  the  system  clean-up  filter  after  the  required  initial  contamination  level 
has  been  achieved. 

13.2.9  Add  in  slurry  form  the  quantity  (grams  of  contaminant  determined  in  clause 
13.2.4)  to  the  injection  system  reservoir. 


13.2.10  Circulate  the  fluid  in  the  injection  system  for  a minimum  of  15  minutes 
to  thoroughly  disperse  the  contaminant. 


13.3  Filter  test  system. 


13.3.1  Install  the  filter  housing  (without  the  test  element)  in  the  fiiter  test  system. 

13.3.2  Circulate  the  fluid  in  the  filter  test  system  at  rated  flow  and  a stabilized  test 
temperature  of  38°  + 2°C  and  record  the  pressure  drop  of  the  empty  filter 
housing. 

13.3.3  Adjust  the  total  fluid  volume  of  the  filter  test  system  (exclusive  of  the  system 
clean-up  filter  circuit)  such  that  it  is  numerically  equal  to  three  litres  plus  one- 
fourth  the  designated  test  volume  flow  through  the  filter  per  minute. 

1 3.3.4  Circulate  the  fluid  in  the  filter  test  system  through  the  system  clean-up  filter 
until  a contamination  level  of  less  than  1 5 particles  per  millilitre  greater  than 
10  micrometres  is  attained. 

13.3.5  Select  and  install  the  proper  lengths  of  capillary  tubing  upstream  and  downstream 
of  the  test  filter  such  that  the  initial  upstream  sample  flow  is  approximately 

0.6  times  the  injection  flow  and  the  downstream  sample  flow  is  within  5 percent 
of  the  injection  flow.  Maintain  uninterrupted  flow  from  the  two  sampling  points 
during  the  entire  test. 

13.3.6  Return  the  sampling  flow  upstream  of  the  test  filter  directly  to  the  reservoir 
when  sampling  is  not  in  progress. 

13.3.7  Collect  the  sampling  flow  downstream  of  the  test  filter  outside  the  filter  test 
system  in  order  to  assist  in  maintaining  a constant  system  volume  which  should 
be  kept  within  1 5 percent  of  the  required  system  volume. 

14.0  FILTER  PERFORMANCE  TEST 

14.1  Install  the  filter  element  into  its  housing  and  subject  the  assembly  to  the  specified 
test  condition  (test  flow  and  test  temperature  of  38°  + 2°C)and  reaffirm  fluid 
level. 
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14.2  Measure  and  record  the  clean  assembly  pressure  drop.  Calculate  and  record  the 
clean  element  pressure  drop.  Clean  assembly  minus  the  housing  pressure  drop 
measured  in  clause  13.3.2. 

14.3  Calculate  the  pressure  drops  corresponding  to  increases  of  2.5,  5,  10,  20,  40,  80, 
and  100  percent  of  the  net  pressure  drop. 

14.4  Obtain  a sample  from  upstream  of  the  test  filter  element  to  determine  the  initial 
system  contamination  level. 

NOTE:  Take  all  samples  in  such  a manner  so  as  to  minimize  the  aeration  of 
the  fluid  sample. 

14.5  Obtain  a sample  from  the  contaminant  injection  system. 

14.6  Measure  and  record  the  injection  flow  rate. 

14.7  Initiate  the  filter  test  as  follows: 

14.7.1  By-pass  the  system  clean-up  filter. 

14.7.2  Allow  the  injection  flow  to  enter  the  filter  test  system  reservoir. 

14.7.3  Start  the  timer. 

1 4.7.4  Start  the  downstream  sample  flow. 

14.8  Extract  upstream  and  downstream  samples  simultaneously  when  the  pressure  drop 
across  the  filter  assembly  has  increased  by  2.5  + 1 percent  of  the  net  pressure  drop. 
Record  the  test  time  to  reach  the  2.5  percent  point. 

NOTE:  Use  identical  sample  time  of  not  more  than  30  seconds  for  both 
upstream  and  downstream  samples.  Since  the  sampling  procedure 
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rec|iiires  the  sample  volume  to  he  within  50  to  90  percent 
of  the  sample  bottle  volume,  more  than  one  size  sample 
bottle  may  be  required. 


14.9  Repeat  clause  14.8  at  increases  of  5 + 1,  10  + 1,  20  + 2,  40  + 2,  and  80  + 

2 percent  of  the  net  pressure  drop.  No  sample  is  required  at  the  40^  point. 

14.10  Record  the  test  time  (x.  minutes)  for  the  pressure  drop  across  the  filter  assembly 
to  increase  by  100  percent  of  the  net  pressure  drop. 

14. 1  I Conclude  the  test  by  stopping  the  flow  to  the  test  filter. 

14.12  Obtain  a fluid  sample  from  the  contaminant  injection  system. 

14.13  Measure  and  record  the  injection  flow  rate. 

15.0  SAMPLE  EVALUATION 

15.1  Analyze  the  samples  extracted  from  the  filter  test  system  by  determining  the 
number  of  particles  per  millilitre  greater  than  10,  20,  30,  40,  and  50  micrometres 
with  an  automatic  particle  counter  calibrated  per  Ref.  No.  [3]  or  any  ISO- 
approved  counting  method.  Obtain  a minimum  of  three  particle  counts  for 
each  fluid  sample  and  calculate  the  arithmetic  average  for  each  size  range 
counted. 

NOTE:  Care  should  be  taken  to  dilute  samples  appropriately  to  avoid 

exceeding  the  saturation  limit  of  the  counting  method  determined 
by  the  approved  calibration  procedure. 

15.2  Conduct  a gravimetric  analysis  per  Ref.  No.  [7]  on  the  two  samples  extracted 
from  the  contaminant  injection  system  and  on  the  upstream  sample  extracted 
from  the  filter  test  system  at  the  80  percent  sample  point. 
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NOTE::  The  final  sample  is  taken  at  the  80  percent  point  because  it 
often  overlaps  the  100  percent  point. 

15.2.1  Record  the  80  percent  gravimetric  value  as  the  final  system  gravimetric  level. 

15.2.2  Calculate  the  average  (7)  of  the  two  gravimetric  levels  from  the  injection  system. 

15.2.3  Accept  the  test  only  if  the  gravimetric  level  of  each  sample  is  within  10  percent 
of  the  average  from  15.2.2. 

15.3  Calculate  and  record  the  injection  flow  rate  by  averaging  the  measurements  taken 
at  the  beginning  and  end  of  the  test.  Accept  the  test  only  if  this  value  is  equal 
to  the  selected  value  + 5 percent. 

15.4  Calculate  and  record  the  actual  base  upstream  gravimetric  level  by  multiplying 
the  average  injection  gravimetric  level  (7,  mg/litre)  by  the  average  injection  flow 
rate  (litres/  minutes) per  clause  15.3  and  dividing  by  the  test  flow  (litres,  minute). 
Accept  the  test  only  if  this  value  is  equal  to  25  + 2.5  mg/litre. 

15.5  Calculate  the  filtration  ratio  for  each  particle  size  and  sample  point  as  defined  in 
Section  5 and  average  the  five  values  at  each  particle  size.  Record  these  calcula- 
tions as  shown  in  Fig.  B-2. 

16.0  DATA  PRESENTATION 

16.1  Report  the  following  minimum  information  for  filter  elements  evaluated  using 
this  recommended  standard.  Present  all  test  and  calculation  results  as  shown 
in  Fig.  B-2. 

16.2  Using  the  actual  test  time  (r)  to  reach  the  terminal  pressure  drop,  the  average 
gravimetric  level  (7)  of  the  injection  stream,  and  the  injection  flow  rate,  calculate 
the  filter  element  ACCTD  Capacity  using  the  following  equation: 
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(7.  n~>g/li tre ) (Injection  Flow  Rate,  litres/minuteh  r,  minutes) 
ACCTD  Capacity  (grams)  = 100^  “ “ 

Rccord  the  ACCTD  Capacity  as  shown  in  Fig.  B-2. 

16.3  Report  the  values  of  the  gravimetric  levels  obtained  in  Clause  15.2. 

16.4  Plot  the  average  filtration  ratios  versus  particle  size  on  log  linear  paper,  as  illustrated 
in  Fig.  B-3. 

16.5  Have  available  a record  of  all  the  following  minimum  test  data  in  all  test  reports 
referencing  this  recommended  standard: 

16.5.1  All  physical  values  pertaining  to  the  test. 

16.5.2  All  additional  provisions  or  modifications  pertaini.ig  to  the  test. 


DIFFERENTIAL 
PRESSURE  GAUGE 


Fig.  B-l . Typical  Performance  Test  Circuit. 
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(PROPOSED) 

COMPONENT  PERFORMANCE  SPECIFICATION 
FILTER,  LUBRICATION  OIL,  DISPOSITION 
OFF-HIGHWAY  APPLICATION 


NOTE:  This  draft  was  prepared  by  personnel  of  Oklahoma  State  University  as  part  of  a 
program  with  the  U.S.  Army  Mobility  Equipment  Research  and  Development  Center  with 
the  cooperation  of  various  filter  and  engine  manufacturers.  This  draft  reflects  the  results 
ot  a test  verification  program  which  was  conducted  as  well  as  current  military  requirements. 

1.0  SCOPE 

1 . 1 Intended  Use  This  specification  covers  oil  filters  intended  primarily  for  application 

to  crankcase  lubrication  systems  of  engines  installed  in  earthmoving  equipment,  motor 
trucks,  and  similar  commercially  built  ground  vehicles  used  primarily  for  off-highway 
purposes. 

1 .2  Inclusion  This  specification  includes  those  aspects  of  a lubricating  oil  filter  concern- 
ed with  its  performance  capabilities,  its  mechanical  strength,  and  its  durability. 

2.0  PURPOSE 

2. 1 Requirements  This  specification  establishes  the  specific  requirements  of  a filter 

element  when  tested  in  accordance  with  the  designated  procedure. 
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Test  Procedures  This  specification  requires  the  use  of  test  procedures  proposed  by 
Oklahoma  State  University. 

REQUIREMENTS 

Rated  Conditions  The  manufacturer  shall  specify  the  rated  flow  and  minimum  bubble 
point  for  all  test  elements  submitted.  Mil-L-2104  fluid  is  used  in  all  tests  except  the 
particle  separation  test,  which  requires  MiI-H-5606.  When  required,  the  terminal  pres- 
sure drop  shall  be  40  psid. 

Performance  The  filter  shall  meet  the  specific  requirements  specified  herein. 

Particle  Separation  Characteristics  When  tested  in  accordance  with  the  multi-pass 
particle  separation  test,  the  filter  element  shall  exhibit  the  following  performance 
values: 

1 . An  average  1 OpM  filtration  ratio  (c^  Q)  equal  to  or  greater  than  2.0. 

2.  An  ACCTD  capacity  of  at  least  1 .5  grams  per  1pm  of  rated  flow. 

3.  A clean  element  pressure  drop  of  .50  bar  differential  (7.25  psid)  or  less. 

Sludge  Removal  Characteristics  (Awaiting  action  by  SAE  Lube  Oil  Committee) 

Element  Collapse  When  tested  in  accordance  with  the  collapse/burst  resistance 
test,  the  filter  shall  not  exhibit  any  decrease  in  the  slope  of  the  pressure  drop  versus 
grams  added  curve  before  a differential  pressure  of  7 bar  differential  (101.5  psid)  is 
reached. 

Material  Compatibility  When  tested  in  accordance  with  the  material  compatibility 
test  using  a maximum  test  temperature  of  135°C  (275" F).  the  filter  element  shall 
not  exhibit  a decrease  in  the  pressure  drop  vs.  grams  added  curve  before  a differential 
pressure  of  7 bar  differential  (101.5  psid)  is  reached. 
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3.2.5  Media  Migration  When  tested  in  accordance  with  the  media  migration  test,  the 
average  media  migration  per  element  shall  not  exceed  10  milligrams. 

3.2.6  Additive  Removal  When  tested  in  accordance  with  the  Ash  Type  Oil  Additive 
Removal  Test,  additive  removal  shall  not  exceed  five  percent  (5%). 

3.2.7  Anti-Drainback  Characteristics  When  tested  in  accordance  with  the  anti- 
drainback  valve  test,  the  average  leakage  shall  not  exceed  one  percent  (1%)  of 
the  total  fluid  volume  contained  within  the  filter  assembly  per  hour. 

3.2.8  Vibration  Fatigue  Resistance  When  tested  in  accordance  with  the  vibration 
fatigue  test,  the  filter  assembly  shall  last  at  least  72  hours  without  evidence  of 
failure. 

3.2.9  Burst  Pressure  When  tested  in  accordance  with  the  hydrostatic  burst  pressure 
test,  the  pressure  at  which  the  filter  assembly  bursts  shall  not  be  less  than  14  bar 
differential  (203  psid). 

3.2.10  Relief  Valve  Characteristics  When  tested  in  accordance  with  the  relief  valve 
performance  test,  the  leakage  rate  shall  not  exceed  1%  of  the  rated  flow  of  the  filter 
at  a pressure  drop  of  125%  of  the  terminal  pressure  drop.  The  relief  valve  shall 
exhibit  a pressure  drop  of  less  than  80%  of  the  collapse  pressure  at  the  rated  flow  of 
the  element. 
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ON-BOARD  MONITOR  STUDY 


PROJECT  STAFF 


Gary  A.  Roberts,  Program  Manager 
R.  L.  Decker,  Project  Engineer 
R.  L.  Brown,  Staff  Engineer 
M.  T.  Yokley,  Project  Associate 


FOREWORD 


The  On-Board  Monitor  Study  is  a continuing  data  acquisition  effort  utilizing  the  Statisti- 
cal Analog  Monitor.  The  principle  objectives  of  this  year’s  effort  were  to  obtain  base  line  data 
from  operating  industrial  equipment  in  the  field,  monitor  tests  of  government  equipment  at 
MERDC,  and  continue  the  development  of  the  necessary  hardware.  This  report  discusses  the 
project  activities  and  presents  a summary  of  the  data  obtained. 
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CHAPTER  I 


INTRODUCTION 


The  On-Board  Monitor  Project  is  a continuing  data  acquisition  effort  utilizing  the 
Statistical  Analog  Monitor  (ST AM).  The  development  of  the  STAM  and  the  theoretical  basis 
for  the  data  acquisition  method  are  documented  in  earlier  reports.  During  1974,  a cooperative 
program  was  begun  with  1 5 major  companies  which  are  producers  of  mobile  equipment  of  the 
type  utilized  by  the  U.S.  Army.  The  cooperating  companies  installed  monitors  on  operating 
vehicles  to  obtain  representative  duty  cycles.  The  objectives  of  this  year’s  program  were  to 
provide  the  necessary  monitors  for  various  tests  conducted  by  MERDC. 

There  were  two  major  errors  in  the  initial  assumptions  upon  which  the  program  was  based. 
The  program  plan  did  not  provide  for  installation  support  of  the  monitors.  The  installation 
requires  only  that  conventional  transducers  be  placed  in  the  hydraulic  system  and  a direct 
connection  to  the  vehicle  power  supply.  Previous  tests  at  military  installations  had  shown 
that  the  only  significant  problem  was  transducer  location  and  the  manufacturer  should  be 
well  equipped  to  cope  with  this.  Unfortunately,  the  administrative  problems  were  overlooked. 

In  many  cases,  several  months  elapsed  before  the  units  were  installed.  In  some  cases,  the 
transducers  were  installed  in  the  wrong  points  in  the  system.  Severe  damage  resulted  from 
improper  installation.  Units  were  mounted  on  exhaust  manifolds,  cables  were  severed  by 
inspection  plates,  and  transducers  were  destroyed  when  placed  in  locations  exposed  to  extern- 
al mechanical  force  (e.g..  used  as  an  operator  step). 

The  second  major  fallacy  was  that  the  cooperating  companies  would  accumulate  test 
hours  very  rapidly.  In  fact,  some  of  the  first  STAM  units  distributed  had  operated  over  100 
hours  in  the  first  two  veeks  after  delivery.  A severe  recession  in  the  industrial  and  construc- 
tion machinery  industry  practically  eliminated  test  programs.  Those  tests  which  were  t inducted 
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were  of  such  severity  that  equipment  down  time  exceeded  operational  time  by  as  much  as 
a factor  of  1 00. 

The  extensive  preliminary  testing  on  vehicles  also  proved  misleading  in  one  technical 
area.  The  test  vehicles  were  equipped  with  military  specified  electromagnetic  noise  suppres- 
sion systems.  These  emissions  from  the  commercial  vehicles  have  proven  extremely  vexing, 
and  overcoming  this  problem  has  consumed  more  project  man  hours  than  any  other  single 
area.  It  is  interesting  to  note  that  the  EMI  problem  affects  conventional  instrumentation 
just  as  much  as  it  affects  STAM.  The  problem  is  normally  disregarded,  and  data  which  do  not 
conform  to  the  expected  are  ignored. 

If  the  data  obtained  were  disappointing  in  quantity,  the  success  in  terms  of  content 
was  more  than  offsetting.  Various  types  of  hydraulic  systems  can  be  identified  by  the  most 
casual  observation  of  the  STAM  results.  In  several  instances,  serious  system  problems  have 
been  detected  and  corrected  in  preproduction  tests.  Several  of  the  participating  sponsors 
are  committed  to  direct  financial  support  of  the  program  in  the  future.  It  is  this  commitment 
which  will  assure  that  the  quantity  and  quality  of  data  will  improve  rapidly. 

This  report  is  primarily  a presentation  of  the  data  obtained.  The  hardware  developments 
and  field  experience  are  discussed  briefly  together  with  a review  of  some  of  the  more  interest- 
ing results.  The  balance  of  the  report  consists  of  the  STAM  results,  including  equivalent  duty 
cycle  reconstructions. 
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CHAPTER  II 


HARDWARE  DEVELOPMENTS 


The  major  portion  of  the  On-Board  Monitor  Project  manpower  and  funds  is  expended 
on  hardware  development  and  support.  During  the  past  year,  this  effort  has  been  divided  into 
tour  general  areas  — maintenance  ot  field  units,  development  of  specialized  recording  features 
(primarily  tor  in-house  use  by  MERDC),  fabrication  of  the  Type  IV  readout  device,  and 
developing  solutions  for  the  electromagnetic  noise  problem. 

It  is  easy  to  lose  perspective  of  the  maintenance  requirements  of  the  operating  units.  The 
STAM  was  designed  and  tested  for  very  severe  use  conditions  and  has  routinely  survived  500 
hour  excursions  on  operating  vehicles.  On  the  other  hand,  more  than  100  units  are  now  avail- 
able with  typically  50  in  the  field  at  any  time.  In  the  course  of  the  testing  program,  over  75% 
of  the  vehicles  have  themselves  failed  during  the  time  STAM  monitors  were  installed.  The 
monitor  has  demonstrated  a mean  time  between  failures  of  1 600  hours,  an  excellent  record 
by  any  standard.  Unfortunately,  the  survival  rate  of  the  cables  and  transducers  is  terrible, 
with  nearly  half  of  all  packages  supplied  damaged  by  the  user.  Some  of  this  is,  of  course, 
unavoidable  due  to  the  exposure  imposed  by  the  installation  possibilities.  The  labor  required 
to  prepare  a new  set  of  cables  and  calibrate  a new  transducer  exceeds  that  of  constructing 
the  monitor  itself. 

Apart  from  damage,  the  major  source  of  loss  of  data  has  come  from  electromagnetic 
interference.  Extensive  testing  has  shown  that  STAM  is  relatively  insensitive  to  EMI,  except 
for  very  intense  fields  or  very  high  frequencies.  The  earliest  problems  encountered  were  on  gaso- 
line powered  forklifts  and  were  attributed  to  ignition  noise.  The  addition  of  the  automatic 
end  of  test  shutdown  on  the  Mk.  1IIC  monitors  brought  the  problem  to  an  immediate  urgency. 


Noise  which  would  affect  the  data  also  triggered  the  shutdown  SCR.  These  false  shutdowns 
triggered  the  operator  light.  In  the  most  severe  case,  the  unit  would  not  remain  on  long 
enough  to  complete  engine  startup.  On  most  vehicles,  the  lalse  triggering  would  occur  every 
5 to  20  hours.  The  sensitivity  of  the  SCR  to  any  trigger  input  is  a function  ol  temperature; 
and,  in  general,  STAM  operates  at  a fairly  high  temperature. 

The  shutdown  circuit  was  not  designed  to  hold  the  unit  off  for  long  periods.  The 
intent  was  to  disconnect  the  monitor  as  soon  as  the  warning  light  was  illuminated.  The 
incandescent  bulb  frequently  failed,  and  the  operator  was  not  alerted.  In  addition,  there 
was  widespread  complaint  that  there  was  no  indication  that  the  monitor  was  actually  on 
under  any  conditions. 

In  order  to  solve  these  problems  without  performing  a complete  design  iteration  which 
would  obsolete  the  existing  monitors,  an  add-on  unit  was  designed  for  the  monitor.  This 
end-of-test  annunciator  is  connected  to  the  main  power  line.  The  STAM  power  is  supplied 
from  the  annunciator  box,  and  a sense  line  from  the  STAM  end-of-test  detector  circuit  is 
returned.  If  the  STAM  is  receiving  power,  a small  light  emitting  diode  on  the  annunciator 
is  lighted.  When  the  desired  test  time  is  reached,  an  electron  device  (Sonalert)  emits  a loud 
tone.  The  monitor  is  not  shut  off,  but  the  tone  continues  until  power  is  removed.  The  test 
time  is  controlled  by  one  board  of  the  monitor,  but  both  test  timers  are  operating.  Thus, 
the  second  board,  which  is  set  for  a much  longer  time,  will  record  the  actual  test  time  it  the 
monitor  is  not  disconnected.  The  annunciator  also  incorporates  a power  line  filter  which 
has  been  demonstrated  effective  in  field  tests  on  vehicles  which  exhibited  noise  problems. 
The  complete  assembly  is  shown  in  Fig.  2-1. 

Apart  from  the  shutdown  circuit,  the  STAM  laboratory  experiments  had  shown  vir- 
tually no  susceptibility  to  power  line  noise.  In  field  tests  by  project  personnel  in  Arizona, 
it  was  observed  that  the  very  high  frequency  pulses  generated  by  solenoid  valves  appeared 
on  the  power  line  and  also  on  the  pressure  transducer  signal.  The  temperature  recorders 
were  unaffected.  This  phenomenon  results  from  the  amplifier  configuration  and  the 


Fig.  2-1.  STAM  Assembly  with  End-of-Test  Annunciator. 


transducer  characteristics.  The  amplifier  used  in  SIAM  is  a single-ended  configuration  in 
which  noise  received  in  common  mode  is  not  amplified  but  is  passed  through  without  atten- 
tion. Further,  the  operational  amplifier  in  use  had  very  poor  rejection  characteristics  of 
noise  on  the  amplifier  power  lines.  Substitution  of  a CMOS  amplifier  greatly  improves  this 
condition,  and  all  amplifiers  are  being  replaced  as  the  units  are  returned  from  the  field. 

At  any  point  in  a circuit,  the  ratio  of  signal  to  noise  is  the  important  criterion.  The 
output  of  the  bonded  strain  gage  transducers  in  use  is  only  40  millivolts  full  scale.  Thus,  a 
small  noise  imposed  on  the  transducer  sense  line  is  amplified  greatly.  A recently  developed 
integrated  circuit  transducer  was  obtained  for  testing.  This  device  has  internal  power  regu- 
lation and  amplification  and  outputs  a lOv  signal.  The  high  level  output  greatly  improves 
the  signal-to-noise  ratio  and,  at  the  same  time,  eliminates  the  high  amplification  requirements. 
In  addition,  the  transducer  is  field  interchangeable,  which  reduces  the  calibration  work  load. 
Only  one  of  these  transducers  was  available  until  recently,  and  it  has  been  installed  and 
furnished  to  MERDC.  Complete  changeover  to  these  devices  is  not  economically  teasible  at 
present:  but,  as  new  transducers  are  procured,  replacement  will  be  effected. 

One  obstacle  to  efficient  solution  of  the  EMI  problem  has  been  the  identification  of 
noise  sources.  The  presence  of  solenoid  valves  on  mobile  equipment  had  not  been  anticipated, 
and  the  experience  of  using  STAM  with  a-c  solenoid  valves  on  hydraulic  test  stands  ha<'  not 
revealed  any  problem.  During  the  Arizona  tests,  it  was  found  that  the  backup  warning  horn 
on  many  vehicles  is  air  operated,  using  a solenoid  valve.  A very  serious  EMI  source  was  reveal- 
ed through  the  efforts  of  Mr.  Russ  Janke  of  International  Harvester  Company.  Based  on 
experience  in  real-time  data  acquisition,  Janke  suspected  the  hour  meters  used  on  most  test 
vehicles.  These  meters  are  clockwork  operated  with  a solenoid  which  resets  the  spring  at 
frequent  intervals.  A meter  furnished  by  1HC  for  laboratory  tests  consistently  activated  the 
STAM  shutdown  and  recorded  a count  on  the  STAM  event  counters  at  every  level.  The  noise 
suppression  techniques  developed  for  the  solenoid  valves  were  ineffective.  At  the  present 
time,  only  the  combined  power  line  filter,  CMOS  amplifier,  and  high  voltage  transducer  are- 
sufficient  to  assure  rejection  of  this  interference. 


One  of  the  most  interesting  assignments  presented  to  the  project  team  was  monitoring 
of  the  input  power  duty  cycles  of  mobile  equipment.  Such  information  has  considerable 
utility.  Substantial  fuel  savings  can  be  obtained  by  proper  design  and/or  selection  of  the 
internal  combustion  engines.  In  some  cases,  the  use  of  battery  powered  electrical  drives 
can  be  advantageous. 

The  use  of  torque  meters  or  other  specialized  instrumentation  is  not  practical  for  a 
broad  study.  However,  for  a given  engine,  the  power  output  can  be  closely  approximated 
from  the  engine  speed  and  manifold  pressure.  The  gross  horsepower  available  is  a function 
of  RPM,  while  the  loading  of  the  engine  is  reflected  by  the  manifold  pressure.  The  solution 
chosen  was  to  compute  the  output  horsepower  of  the  engine  and  statistically  monitor  this 
computed  variable. 

A typical  plot  of  gross  horsepower  vs.  engine  speed  for  a Hyster  forklift  is  shown  in 
Fig.  2-2.  The  engine  vacuum  vs.  percent  engine  load  is  shown  in  Fig.  2-3.  The  operating 
horsepower  is: 


Operating  HP  = (Gross  HP)  (%  Engine  Load) 

Note  that  an  approximate  curve  is  shown  on  both  of  these  plots.  The  use  of  these  straight- 
line  approximations  facilitates  the  calculation  of  the  operating  horsepower. 

Fig.  2-4  is  a block  diagram  of  the  system  which  performs  the  required  calculations. 
The  engine  speed  is  determined  by  converting  the  ignition  system  output  to  a D.  C.  signal. 
This  signal  is  converted  to  gross  horsepower  by  a nonlinear  conversion.  The  gross  horse- 
power and  engine  vacuum  are  multiplied  to  obtain  operating  horsepower. 

Fig.  2-5  is  the  schematic  of  the  circuit  which  was  constructed  to  implement  the 
horsepower  calculation.  The  tach  generator  circuit  is  connected  to  the  distributor  points. 
This  circuit  generates  a D.  C.  signal  proportional  to  the  engine  speed.  This  D.  C.  signal  is 
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GASOLINE  ENGINE 
PERFORMANCE  CURVE 


500  1000  1500  2000  2500  3000  3500 


ENGINE  SPEED-RPM 

Fig.  2-2.  Gasoline  Engine  Performance  Curve. 
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intake:  manifold  vacuum -in.  hq. 


PERCENT  ENGINE  LOAD 


Fig.  2-3.  Engine  Intake  Manifold  Vacuum  Vs.  Percent  Engine  Load. 


in  • 

* 


Fig.  2-4.  Block  Diagram. 


converted  to  gross  horsepower  by  the  break  point  circuit.  This  circuit  is  a diode  function 
generator  which  implements  the  required  nonlinear  conversion.  The  gross  horsepower 
is  multiplied  with  the  engine  vacuum  by  first  converting  the  vacuum  signal  to  a pulse 
width  modulated  signal  (vacuum  PWM)  and  then  chopping  the  gross  horsepower  with 
this  PWM  signal.  The  filtered  chopper  signal  is  the  product  of  the  gross  horsepower 
and  the  engine  vacuum. 


This  circuitry  was  connected  to  a STAM  unit.  The  Tach  Out  signal  was  connected  to 
one  STAM  board,  and  the  HP  Out  is  connected  to  another  STAM  board.  Initial  field  testing 
revealed  that  the  concept  is  valid,  but  the  design  parameters  are  not  appropriate  for  the 
intended  applications.  In  particular,  the  signal  band  width  of  the  HP  computer  is  too  low. 

In  order  to  improve  this  band  width,  improved  electronics  will  have  to  be  used.  This 
necessitates  a new  design  cycle,  which  is  presently  underway. 


One  of  the  objectives  of  the  project  was  to  fabricate  multi-channel  readout  devices 
(Type  III),  which  were  described  in  the  previous  annual  report.  During  the  course  of  the 
project,  it  became  apparent  that  the  increasing  work  load  would  require  a printing  interrogator 
which  could  operate  unattended.  This  unit,  designated  a Type  IV,  is  functionally  the  same  as 
the  Type  III  with  a thermal  printer  added.  A number  of  changes  in  the  circuitry  were  made 
to  improve  accuracy,  including  a crystal  controlled  timing  system. 

The  multi-channel  readout’s  operation  is  divided  into  four  distinct  areas,  called  "states.  ” 
The  operation  is  divided  as  follows: 


STATE  A 

Resetting  the  E Cells 

STATE  B 

- Scanning  the  Channels  to  Determine 

Which  E Cell  Has  Readout 

STATE  C 

- Printing 

STATE  D 

— Reset  Finished 
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Transitions  between  the  states  are  determined  by  the  binary  input  signals  listed  below: 


SIGNAL 

Nr 

N2 

N3 

N4 

N. 


N- 


MEANING 

Some  channel  has  readout  1 =*true. 

All  channels  have  readout  1 =>true. 

Channel  advance  enables  1 =»true. 

Auto/man  0 =>auto. 

Particular  channel  addressed  by  1 =>true; 
the  multiplexer  is  readout. 

All  channels  have  been  checked  1 =>true. 


Fig.  2-6,  known  as  a state  diagram,  describes  the  actual  operation  of  the  readout.  The 
arrows  represent  transitions  between  the  states,  and  the  corresponding  input  tells  when  the 
transition  occurs.  The  X’s  appearing  in  the  inputs  correspond  to  " don't  cares.  " 

This  simply  means  the  transition  occurring,  at  that  time,  does  not  depend  on  that  parti- 
cular input  signal;  consequently,  you  don’t  care  if  the  input  is  0 or  1. 
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As  an  example  of  how  to  read  the  state  diagram,  consider  the  initial  state  to  be  A and 
the  inputs  to  be  Nt  = 0,  N2,  N3  ...  = X.  The  state  diagram  says  remain  in  State  A.  If 

the  input  changes  to  Nt  = 1 ; N2,  N3  ...  Ng  = X ( A channel  reads  out.),  a transition  occurs 
to  State  B.  While  in  State  B,  the  channels  are  sequentially  checked  to  determine  which 
have  readout.  When  the  appropriate  channel  is  found  (N5  " 1),  a transition  to  State  C occurs. 
While  in  State  C,  printing  will  occur  if  the  auto/manual  switch  is  set  to  Auto  (N4  = 0).  The 
operation  is  interrupted  until  the  printing  is  completed.  A transition  then  occurs  back  to 
State  B to  check  the  remaining  channels.  If  the  manual  mode  is  selected  (N4  = 1 ),  the  oper- 
ation is  halted  in  State  L to  allow  the  operator  to  write  down  the  information.  A transition 
to  State  B will  occur  when  the  operator  pushes  the  channel  advance  switch  (N3  " 1 ).  When 
all  channels  have  been  checked  (N6  " 1),  a transition  occurs  either  to  State  A or  State  D. 

The  decision  between  A and  D is  made  by  N2.  If  all  the  channels  have  not  readout  (N2  = 

0),  State  A is  chosen,  and  the  readout  operation  continues.  If  all  the  channels  have  readout 
(N2  = 1 ),  State  D is  chosen  and  the  readout  operation  terminated. 

In  State  D,  it  is  now  possible  to  "Set"  the  turner  E cell  to  the  desired  value.  By  use  of 
logic  simplification  methods,  the  switching  functions  were  determined,  which  allows  the 
State  Diagram  to  be  implemented.  Two  of  these  multi-channel  readouts  are  nearing  comple- 
tion at  this  time. 
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CHAPTER  III 
DATA  ACQUISITION 


The  availability  of  a broad  base  of  operating  data  from  fluid  power  systems  would  greatly 
enhance  the  capabilities  of  the  industry  to  produce  reliable  systems.  The  earliest  ST  AM  field 
tests  indicated  that  many  of  the  widely  held  opinions  regarding  temperature  and  pressure  duty 
cycles  were  incorrect.  One  of  the  principle  aims  of  the  data  acquisition  program  was  to  deter- 
mine the  characteristic  duty  cycles  of  various  machines  (e.g.,  backhoes,  loaders,  dozers,  etc.) 
and  to  identify  the  similarities  associated  with  locale,  system  configuration,  and  type  of  work 
assignment.  In  order  to  achieve  this  goal  efficiently,  the  monitors  would  be  installed  on  a large 
number  of  machines  of  similar  type.  Specifically,  all  participants  were  asked  to  monitor  either 
a loader  or  a backhoe.  When  the  program  was  started,  this  was  easily  obtained,  and  the  first 
1 0 to  12  units  were  originally  assigned  to  one  of  these  types  of  vehicles.  Only  a few  of  these 
tests  were  completed.  A widespread  reduction  in  testing  expenditures  and  manpower  dictated 
a change  in  program  constraints.  In  order  to  obtain  any  significant  participation,  the  sponsors 
were  permitted  to  install  the  units  on  any  type  vehicle  which  was  used  by  the  military. 

The  participating  companies  generally  believe  that  they  fully  understand  their  existing 
systems.  Therefore,  there  was  a widespread  desire  to  measure  system  parameters  which  were 
not  previously  explored.  This  further  eroded  the  concept  of  a standard  data  base;  but,  in  the 
end,  it  resulted  in  some  very  exciting  new  information.  An  installation  in  the  suspension  unit 
of  a heavy  duty  truck  proved  extremely  enlightening.  Although  the  engineers  involved  were 
virtually  certain  that  pressures  never  exceeded  7-8.000  psi.  a 20.000  psi  transducer  was  speci- 
fied. The  resulting  data  clearly  revealed  pressure  pulses  above  20,000  psi.  In  order  to  discount 
the  possibility  of  electromagnetic  interference,  the  ST  AM  was  installed  with  the  pressure  trans- 
ducer not  inserted  in  a hydraulic  line.  Some  counts  resulted  from  vibration  and  noise,  but 
no  time  was  recorded.  Such  noise  very  closely  approximates  the  theoretical  impulse  (i.e., 
zero  time).  Thus,  the  time  accumulated  when  the  transducer  was  actually  in  the  system  makes 
it  virtually  certain  that  the  hydraulic  pressure  did  reach  the  higher  levels. 
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In  general,  the  data  have  shown  more  thermal  and  pressure  cycles  than  were  expected. 
The  pressure  cycles  are  subject  to  several  potential  errors.  The  most  obvious  is  EMI,  which 
can  accumulate  counts  at  the  maximum  frequency  capability  of  the  monitor.  In  addition, 
the  transducers  are  not  completely  insensitive  to  vibration.  Finally,  there  is  always  a flow/ 
pressure  ripple  in  the  output  of  positive  displacement  pumps,  in  some  cases  of  a very  large 
magnitude. 

The  nature  of  the  data  can  identify  certain  types  of  problems.  The  severe  EMI  condi- 
tions (such  as  the  hour  meter  pulses)  will  activate  all  counters,  resulting  in  a uniform  high 
count  at  all  levels.  This  noise  is  of  such  a short  duration  that  the  time  accumulated  at  the 
higher  gates  is  essentially  zero.  If  the  problem  is  caused  by  pump  ripple  or  vibration,  the 
spurious  signal  is  superimposed  on  the  basic  transducer  output.  The  counts  recorded  are 
caused  by  the  signal  rising  and  falling  through  a gate  which  nearly  coincides  with  the  mean 
signal  value.  It  is  almost  impossible  to  distinguish  such  a situation  from  a rapidly  cycling 
system  (such  as  the  load  sensing  system)  without  real-time  data  for  reference. 

The  thermal  cycles  are  not  easily  explained.  The  internal  circuitry  of  the  temperature 
boards  is  quite  different  than  the  pressure  monitors  and  is  much  less  susceptible  to  noise. 
There  is  no  sensitivity  to  pressure  ripple  or  vibration.  Neither  laboratory  or  field  tests 
(including  the  hour  meter  tests)  have  been  able  to  produce  a spurious  noise  count.  The 
only  way  known  to  produce  false  counts  is  to  make  and  break  the  transducer  connection 
which  does  occur  when  the  transducer  fails.  Thus,  it  appears  that,  in  general,  there  are  far 
more  thermal  cycles  in  fluid  power  systems  than  had  been  expected.  This  will  be  a major 
focal  point  of  future  investigations. 

As  often  happens  with  a new  concept,  there  has  been  a tendency  among  some  users 
to  regard  STAM  as  a replacement  for  all  data  recording  methods.  Every  scheme  for  measur- 
ing involves  trade-offs,  and  a realisFc  assessment  of  the  most  desirable  approach  to  a given 
situation  must  consider  opposing  constraints. 
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The  ultimate  data  acquisition  system  would  be  small  enough  to  conceal  in  the  system, 
self-powered,  able  to  continuously  record  every  variable  for  an  infinite  length  ot  time,  totally 
immune  to  EMI,  and  very  low  in  cost.  It  would  possess  unlimited  frequency  response  char- 
acteristics and  interface  easily  with  a computer  for  analysis  of  the  data.  There  is  no  such 
system,  and  until  S I AM  was  developed  the  only  course  of  action  was  to  take  short  samples 
of  real-time  data  collected  with  expensive  and  fairly  bulky  equipment. 

STAM  was  conceived  not  to  replace  this  equipment  but  to  help  fill  the  gap  between 
present  capabilities  and  the  ultimate  system.  STAM  allows  long-term,  low-cost,  statistical 
evaluations  of  the  system  without  limiting  or  intruding  upon  the  system  capability. 

Nearly  all  of  the  limitations  of  STAM  can  be  overcome  in  a properly  conducted  total 
data  acquisition  system.  The  scaling  factors,  gate  levels,  and  hysteresis  value  can  be  modi- 
fied on  the  monitor  if  a short  sample  of  real-time  data  is  used  to  establish  the  proper  adjust- 
ments. 

An  interesting  evaluation  of  the  potential  of  Statistical  Monitoring  is  shown  in  Fig.  3-1. 
An  extensive  real-time  recording  of  system  pressure  was  obtained  by  Clark  Equipment 
Company.  This  tape  was  processed  by  a computer  to  simulate  a STAM  recording.  The 
STAM  data  were  then  reconstructed  into  an  equivalent  wave  form.  The  wave  form  shown 
is  the  block  form  (no  smoothing  applied),  but  it  offers  a valid  comparison  of  the  two  record- 
ing methods. 

fhe  most  instructive  data  sets  obtained  from  the  industrial  equipment  monitoring 
program  are  presented  in  Appendix  A.  The  information  from  MERDC  operated  units  is 
not  included,  as  these  monitors  are  interrogated  at  the  test  location. 
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CHAPTER  IV 


SUMMARY  & CONCLUSIONS 


The  use  ot'  Statistical  Monitoring  to  obtain  an  understanding  of  the  operational  severity 
of  fluid  power  systems  has  been  shown  to  be  a viable  concept.  The  reliability  of  the  hard- 
ware and  the  usefulness  of  the  data  have  been  accepted  by  the  industrial  sponsors  to  such  an 
extent  that  the  demand  for  monitors  exceeds  the  availability  of  manpower  to  support  the 
effort.  The  supreme  test  in  the  industrial  environment  is  the  willingness  of  the  users  to 
support  the  program  financially.  This  test  has  been  met.  The  direct  industrial  sponsorship 
for  the  next  year  is  already  in  excess  of  the  funds  scheduled  on  this  contract,  and  additional 
sponsor  participation  is  virtually  certain.  This  is  a vital  consideration  in  achieving  the  goal  of 
a broad  information  base.  The  participation  of  sponsor  personnel  and  test  equipment  in  the 
past  have  been  very  costly  to  the  sponsors  and  very  valuable  to  the  program.  However,  it 
must  be  recognized  that  the  bulk  of  the  quality  information  came  where  there  was  a high 
degree  of  visibility  of  the  program  within  the  company.  Such  visibility  is  assured  when  there 
is  a direct  expenditure  of  funds. 

In  the  early  stages  of  the  monitor  program,  it  was  believed  that  once  the  basic  Statistical 
Monitors  had  been  completed  that  the  hardware  development  would  cease.  This  is  unrealistic 
in  view  of  the  dynamic  state  of  technology  and  the  increasing  number  of  applications  for 
STAM.  The  project  group  has  been  reorganized  to  recognize  this  fact;  and,  in  the  future, 
the  hardware  activities  should  compliment  rather  than  interfere  with  the  analytical  aspects. 


The  rapidly  awaking  interest  in  Statistical  Monitoring  and  the  availability  of  adequate 
funding,  together  with  the  experienced  research,  engineering,  and  technical  staff  should 
promote  rapid  progress  in  the  developing  of  a fuller  understanding  of  fluid  power  system 
duty  cycles.  , 
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APPENDIX  A 


DATA  SHEETS 
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DATA  SHEET 


DATE:  -2  January  1976 


COMPANY: 
UNIT  TYPE: 


1 


Pre  ss  ure  /Te  m pera  t u re 


UNIT  NO. : 1030-130 


1 30  = Pressure 


APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Excavator,  Inlet  to  Dig/Hoist  Valve,  Northeast  U.S. 


CHANNEL 

LEVEL 

TIME 

COUNTS 

(psi) 

(HRS.) 

I 

S21 

2.20 

460 

2 

1019 

2.20 

44S 

3 

1528 

1.50 

57,890 

4 

2038 

1.24 

45,014 

S 

2547 

1.03 

36,373 

6 

3057 

.88 

31,194 

7 

3555 

.74 

34,088 

8 

4064 

.12 

349 

(Hrs.)  Total  Operation  Time 


REMARKS: 
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DATA  SHEET 


DATE:  22  January  1976 ‘ UNIT  NO.:  1030-129 

COMPANY.  1 

UNIT  TYPE  Pressure/Temperature  Temperature  = 12' 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Excavator,  Inlet  to  Dig/Hoist  Valve,  Northeast  U.S. 


REMARKS. 

Large  number  of  counts  suspect.  Noise  filter  added  for  next  test. 


2 


DATA  SHEET 


DATE:  • October  1974 

COMPANY:  - 

UNIT  TYPE:  Temperature 


UNIT  NO. : 


APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Tractor  (Wheel  Type),  Main  System  Flow,  North  Central  U.S. 

CHANNEL  I LEVEL  TIME  COUNI 


REMARKS: 


LEVEL 

<°F) 

TIME 

(HRS.) 

COUNI 

78 

16.2 

5081 

98 

15.9 

4749 

119 

1 5.9 

1 1,877 

139 

14.6 

5715 

159 

14.2 

OO 

179 

14.1 

oo 

199 

14.1 

OO 

220 

13.8 

oo 

73.5  (Hrs.)  Total  Operation  Time 


Temperature  transducer  destroyed,  replaced.  Sponsor  verified  transducer 
damaged  at  20.2  operating  hours. 


DATA  SHEET 


DATE:  25  April  1975 . UNIT  NO. : 1015 

COMPANY:  2 

UNIT  TYPE.  Temperature 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Tractor  (Wheel  Type),  Main  System  Flow,  North  Central  U.S. 


CHANNEL 

LEVEL 

TIME 

COUNTS 

(°F) 

(HRS.) 

1 

78 

64.3 

1218 

2 

98 

63.3 

547 

3 

119 

63.0 

453 

4 

139 

0 

— 

5 

159 

61.7 

oo 

6 

179 

53.2 

oo 

7 

199 

14.1 

oo 

8 

220 

0 

0 

100  (Hrs.)  Total  Operation  Time 


Defective 

Timer 


REMARKS 

Temperature  transducer  destroyed,  replaced. 
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f. 


DATASHEET 


COMPANY  2 

UNIT  TYPE:  Temperature 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Tractor  (Wheel  Type),  Main  System  Flow,  North  Central  U.S. 


74  (Hrs.)  Total  Operation  Time 

REMARKS 

Data  pattern  indicates  transducer  not  connected.  Sponsor  confirmed  24  July. 
Unit  retired. 


CHANNEL 


TIME 

(HRS.) 


LEVEL 

(°F) 


COUNTS 


39 


139 


179 


LEVEL 


5 


6 


n 

I 1 1 1 r— i 

m 

1 

1 

2 

T 1 1 

3 4 5 

6 

7 

8 

LEVEL 


t QJ  ! v'PLr \’  Qj*  rcru 

. re.  i ':wt.  i 
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DATA  SHEET 


DATE:  17  March  1975 UNIT  NO.:  1020 

COMPANY:  3 

UNIT  TYPE:  Pressure 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors ) 

Off  Road  Truck,  Hydraulic  Suspension  Unit,  North  Central  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

2500 

81.0 

1175 

2 

5000 

36.0 

> 75,000 

$ 

3 

7500 

10.5 

> 75PC0 

4 

10,000 

1.6 

35,500 

5 

12,500 

1.2 

21,400 

6 

15,000 

1.2 

18150 

7 

17^00 

1.14 

15,900 

8 

20j000 

1.27 

14300 

81 (Hrs.)  Total  Operation  Time 


REMARKS: 

Data  does  not  conform  to  sponsor  analysis,  but  10,000  psi  rated  component 
is  failing. 


V-35 


* 


DATA  SHEET 


DATE:  20  May  1975 UNIT  NO. : 1 020 

COMPANY:  3 

UNIT  TYPE:  Pressure 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Off  Road  Truck,  Hydraulic  Suspension  Unit,  North  Central  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

2500 

81.60 

1652 

2 

5000 

35.90 

35,766 

3 

7500 

11.90 

34045 

4 

11*000 

1 

1 

1 

1 

1 

5 

12500 

6.05 

U250 

6 

15,000 

6.05 

12895 

7 

17,500 

6.67 

1 1,665 

8 

20,000 

6.74 

10,482 

82 (Hrs.)  Total  Operation  Time 


REMARKS: 


DATA  SHEET 


DATE:  5 January  1975 ’ UNIT  NO.:  1078-177 

COMPANY:  2 

UNIT  TYPE:  Pressure /Temperature  177  = Temperature 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Tractor,  Auxiliary  Hydraulic  System,  Closed  Center  Load  Sensing,  North  Central  U.S. 


CHANNEL 

LEVEL 

(°F) 

TIME 

(HRS.) 

COUNTS 

1 

78 

99.80 

6,208 

2 

99 

99.60 

13,274 

3 

120 

90.40 

45,064 

4 

140 

77.80  * 

> 209,000 

S 

161 

14.10 

183,193 

6 

181 

.93 

1,901 

7 

202 

.84 

0 

8 

223 

.63 

0 

99.8 (Hr*.)  Total  Operation  Time 


REMARKS: 


LEVEL 


equivalent  Qjircrc^fc 

:rc^t  TIME  95. 9 SEC 


CTClE  TIME  i‘/.i 


DATA  SHEET 


DATE:  5 January  1975 UNIT  NO. : 1078-178 

COMPANY:  3 

UNIT  TYPE:  Pressure /Temperature  Pressure  = 178 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Tractor,  Auxiliary  Hydraulic  System,  Closed  Center,  Load  Sensing,  North  Central  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

641 

6.5 

49,618 

2 

1065 

2.5 

49,340 

3 

1500 

1.0 

28,326 

4 

1923 

.7 

19,451 

5 

2348 

.7 

6,630 

6 

2772 

.7 

0 

7 

3196 

.2 

0 

8 

3630 

.2 

0 

99,8  (Hrs.)  Total  Operation  Time 

REMARKS: 

Data  conforms  to  sponsor  design  analysis  and  previous  short-term  observations. 


V-41 
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DATA  SHEET 

DATE:  19  December  1975 UNIT  NO.  1028-128 

COMPANY:  4 

UNIT  TYPE:  Pressure  /Temperature  Pressure  = 128 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Industrial  Backhoe  Loader  - Main  System,  Southwest  U.S. 


CHANNEL 

LEVEL 

TIME 

COUNTS 

PSI 

(HRS.) 

1 

488 

2.0 

38,050 

2 

948 

1.4 

26,361 

3 

1408 

.9 

23,332 

4 

1858 

.5 

48,445 

5 

2318 

0.0 

6 

2778 

0.0 

7 

3238 

0.0 

8 

3688 

0.0 

1 2.7  (Hrs.)  Total  Operation  Time 

REMARKS: 

Sponsor  furnished  transducer  leaking.  Sponsor  confirms  very  light  duty, 
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DATA  SHEET 


DATE:  19  December  1975  UNIT  NO. : 1028-127 

COMPANY:  4 

UNIT  TYPE:  Pressure/Temperature Temperature  = 127 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors ) 

Industrial  Backhoe  Loader  - Main  System,  Southwest  U.S. 


CHANNEL 

LEVEL 

(°F) 

TIME 

(HRS.) 

COUNTS 

1 

78 

7.8 

3,892 

2 

99 

4.0 

1,536 

3 

120 

1.6 

2,693 

4 

140 

.1 

396 

5 

161 

.1 

318 

6 

181 

.1 

236 

7 

201 

.1 

104 

8 

222 

.1 

0 

1 2.1  (Hrs.)  Total  Operation  Time 

REMARKS: 


V-45 


**  t 


DATA  SHEET 


DATE:  20  November  1975 UNIT  NO.:  1042-141 

COMPANY:  5 

UNIT  TYPE:  Pressure/Temperature  Temperature  = 141 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Off  Road  Truck  - Hydraulic  Lift  System,  Southwest  U.S. 


CHANNEL 

LEVEL 

(°F) 

TIME 

(HRS.) 

COUNTS 

1 

85 

97 

60,234 

2 

106 

89 

59,740 

3 

127 

83 

23,827 

4 

147 

68 

76,361 

5 

168 

24 

> 75,000 

6 

189 

3.7 

24,177 

7 

209 

.4 

10,449 

8 

230 

.4 

6,304 

98 (Hrs.)  Total  Operation  Time 


REMARKS: 

Project  personnel  installed.  Extreme  EMI  due  to  solenoid  valves,  back  up  horn. 
Filters  installed.  BD  No.  141  pressure  failed  due  to  connection  fault. 
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DATA  SHEET 


DATE:  UNIT  NO. : 1019 

COMPANY:  5 

UNIT  TYPE:  Pressure 

APPLICATION : ( Type  of  Vehicle  and  Location  of  Sensors ) 

Scraper,  Main  System,  Midwest  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

500 

6.1 

> 75,000 

2 

885 

3.2 

> 75,000 

3 

1250 

2.2 

75,000 

4 

1675 

1.6 

58,000 

5 

2050 

1.1 

64,000 

6 

2420 

0.0 

36,000 

7 

2850 

0.0 

27,000 

8 

3200 

0.0 

22,000 

79,4  (Hrs.)  Total  Operation  Time 

REMARKS: 

Data  indicates  severe  EMI.  Sponsor  testing  discontinued  on  this  vehicle. 
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DATA  SHEET 


DATE:  31  October  1975  UNIT  NO. : 1 003 

COMPANY:  6 

UNIT  TYPE:  Pressure 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors J 

Front  End  Loader  - Main  System,  Midwest  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

500 

4.6 

> 75,000 

2 

925 

3.4 

3 

1350 

1.8 

4 

1775 

1.0 

5 

2200 

.9 

6 

2625 

.7 

7 

3050 

.7 

8 

3475 

.6 

23.7  (Hrs.)  Total  Operation  Time 

REMARKS: 

Data  shows  extreme  EM  1 problem. 
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DATA  SHEET 


DATE:  30  October  1975  UNIT  NO. : 1068—167 

COMPANY:  2 

UNIT  TYPE:  Strain  (Experimental  Model) 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors ) 


CHANNEL 

LEVEL 
p in/in 

TIME 

(HRS.) 

COUNTS 

1 

-2450 

0 

130 

2 

-1750 

0 

1340 

3 

-1050 

10.0 

> 75,000 

4 

- 350 

19.5 

61,700 

5 

+ 350 

75.3 

12,311 

6 

+ 1050 

75.3 

276 

7 

+ 1750 

75.24 

0 

8 

+ 2450 

76.03 

0 

99.2  (Hrs.)  Total  Operation  Time 


REMARKS: 

Structure  failed  - data  interpretation  difficult  due  to  yielding  which  resulted 
in  sustained  offset. 
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LEVEL 

(°F) 


DATA  SHEET 


DATE:  8 October  1975  UNITNO.:  1060-160 

COMPANY:  7 

UNIT  TYPE:  Pressure  /Temperature Pressure  = 160 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Wheeled  Tractor,  Main  System,  Midwest  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

620 

3.3 

38,095 

2 

1090 

2.5 

40,873 

3 

1570 

1.5 

35,793 

4 

2040 

.8 

38,545 

5 

2510 

.3 

2,570 

6 

2980 

.2 

222 

7 

3470 

.2 

0 

8 

3940 

.2 

0 

29.2  (Hrs.)  Total  Operation  Time 

REMARKS: 


V-57 


DATA  SHEET 


DATE.  20  October  1975 UNIT  NO. : 1009 

COMPANY:  7 

UNIT  TYPE:  Pressure 

APPUCAT ION : ( Type  of  Vehicle  and  Location  of  Sensors ) 

Industrial  Baekhoe,  Main  System,  Midwest  U.S. 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

500 

37.6 

> 

75,000 

2 

975 

32.4 

> 

75,000 

3 

1450 

27.4 

> 

75,000 

4 

1925 

21.4 

> 

75,000 

5 

2400 

5.8 

> 

75,000 

6 

2900 

5.1 

14,900 

7 

3350 

5.0 

3,400 

8 

3850 

S.O 

3,600 

41.4  (Hrs.)  Total  Operation  Time 

REMARKS: 

Open-center  system  with  relief  set  at  2400  psi.  Pump  ripple  characteristics 
not  known. 
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DATA  SHEET 


DATE.  20  October  1975 UNIT  NO.: 1008 

COMPANY:  7 

UNIT  TYPE:  Temperature 

APPLICATION:  (Type  of  Vehicle  and  location  of  Sensors) 

Industrial  Backhoe,  Main  System,  Midwest  U.S. 


CHANNEL 

LEVEL 

(°F) 

TIME 

(HRS.) 

COUNTS 

1 

84 

94.1 

3426 

2 

108 

80.0 

8402 

3 

130 

51.6 

12(694 

4 

152 

34.0 

0* 

5 

174 

13.7 

7891 

6 

197 

3.6 

3295 

7 

220 

.7 

3111 

8 

241 

.1 

0 

99,9  (Hrs.)  Total  Operation  Time 

REMARKS: 

*No  fault  detected. 
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DATA  SHEET 


DATE:  4 September  1975 UNIT  NO.:  1232A 

COMPANY:  7 

UNIT  TYPE:  Pressure 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Wheeled  Tractor,  Transmission  Return  Line  Filter 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

72 

26.0 

5760 

2 

145 

25.2 

> 75,000 

3 

217 

20.1 

> 75000 

4 

289 

1.0 

> 75000 

5 

362 

0.6 

22,100 

6 

436 

0.5 

3950  | 

7 

509 

0.5 

1860 

8 

583 

0.4 

1580 

26.47  (Hrs.)  Total  Operation  Time 

REMARKS: 

Filter  collapsed.  Transmission  failed. 
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DATA  SHEET 


DATE:  4 September  1975 UNIT  NO. : 1 232B 

COMPANY:  7 

UNIT  TYPE:  Pressure 

APPLICATION:  (Type  of  Vehicle  and  Location  of  Sensors) 

Wheeled  Tractor,  Transmission  Shift  Pressure 


CHANNEL 

LEVEL 

PSI 

TIME 

(HRS.) 

COUNTS 

1 

683 

5.3 

> 75,000 

2 

1383 

2.0 

7570 

3 

2100 

2.0 

2460 

4 

2817 

1.8 

745 

5 

3533 

1.4 

718 

6 

4250 

1.3 

472 

7 

4967 

.8 

268 

8 

5683 

.8 

239 

26.47  (Hr».)  Total  Operation  Time 

REMARKS: 

Transmission  failed. 
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SECTION  VI 


PUMP  CONTAMINANT  TOLERANCE  VERIFICATION 


PROJECT  STAFF 


L.  E.  Bensch,  Program  Manager 
L.  V.  Grade,  Project  Associate 
L.  C.  Moore,  Project  Associate 


FOREWORD 


This  section  presents  a detailed  account  of  the  project  activities  in  the  area  of  pump 
contaminant  tolerance  verification.  A brief  summary  of  pump  contaminant  sensitivity  test 
procedures  and  a mathematical  interpretation  technique  are  given.  The  primary  objective 
of  this  project  was  to  verify  this  life  prediction  theory  for  various  contaminated  conditions. 
Results  of  several  extended  life  tests  are  presented  and  compared  to  the  calculated  values. 
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CHAPTER  I 


INTRODUCTION 


Since  the  hydraulic  pump  is  the  prime  energy  source  for  a fluid  power  system,  the 
importance  of  protecting  this  element  cannot  be  overstressed.  The  pump  is  generally 
recognized  as  one  of  the  most  sensitive  of  all  hydraulic  components  to  contaminant  wear, 
therefore,  a knowledge  of  its  tolerance  and  operating  conditions  is  critical  for  proper 
contamination  control.  This  report  presents  the  results  of  an  initial  study  conducted  to 
verify  existing  pump  contaminant  sensitivity  tests  and  wear  prediction  methods. 

A great  deal  of  effort  has  been  expended  during  the  past  several  years  by  the  Fluid 
Power  Research  Center  at  Oklahoma  State  University,  much  under  U.S.  Army  Mobility 
Equipment  Research  and  Development  Command  sponsorship,  relative  to  proper  hydraulic 
system  contamination  control.  The  primary  objective  of  a complete  contamination  control 
appraisal  is  to  estimate  the  service  life  of  a hydraulic  system  under  the  presence  of  contam- 
ination. This  is  called  the  contaminant  service  life  and  is  evaluated  explicitly  in  terms  of 
acceptable  performance.  It  is  generally  accepted  that  the  contaminant  service  life  of  a 
hydraulic  component  is  a function  of  the  contamination  level  of  the  system  fluid  and  the 
contaminant  sensitivity  of  the  particular  component.  The  contamination  level  of  the  fluid 
is  determined  by  the  particulate  separation  capability  of  the  system  filter  and  the  amount 
and  distribution  of  particulate  contaminant  which  enters  the  system.  The  contaminant 
sensitivity  of  a component  (e.g.,  hydraulic  pump)  is  a function  of  the  design  parameters 
and  operating  conditions  — pressure,  speed,  fluid,  and  temperature.  A complete  contamin- 
ation control  appraisal  includes  consideration  of  all  of  these  influencing  parameters. 
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Linder  the  sponsorship  of  the  U.S.  Army  MERDC,  a test  procedure  was  developed  at 
the  Fluid  Power  Research  Center  for  evaluating  the  sensitivity  of  hydraulic  pumps  to  con- 
taminant wear.  This  procedure,  which  measures  the  flow  degradation  of  a pump  under 
the  presence  of  contaminant,  is  discussed  in  Chapter  II.  To  complement  the  pump  contam- 
inant sensitivity  procedure,  a separate  but  related  study  was  conducted  for  the  Basic  Fluid 
Power  Research  Program  at  Oklahoma  State  University  to  develop  a contaminant  wear 
theory  for  pumps  which  could  be  utilized  to  calculate  the  filter  protection  required  to 
obtain  adequate  field  life.  This  theory,  which  is  briefly  reviewed  in  Chapter  III,  has  been 
completed  and  documented;  however,  no  verification  program  has  been  conducted  to  estab- 
lish its  utility.  In  order  that  the  test  procedure  and  wear  theory  could  be  utilized  for 
determining  proper  filtration  levels  for  MERDC  systems,  the  study  reported  herein  was 
conducted  to  verify  the  relationships  developed.  Long-term  contaminant  life  tests  were 
conducted  on  pumps  which  were  also  evaluated  in  accordance  with  the  existing  standard 
contaminant  sensitivity  tests.  These  tests  and  results  are  reported  in  Chapter  IV.  A 
discussion  of  the  results  along  with  conclusions  relative  to  this  study  is  given  in  Chapter  V. 
The  actual  test  data  are  included  in  the  appendices. 
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CHAPTER  II 


PUMP  CONTAMINANT  SENSITIVITY  TEST 


The  contaminant  tolerance  of  a hydraulic  pump  is  determined  by  conducting  a special 
contaminant  sensitivity  test.  The  test  procedure  with  some  later  modifications  was  formal- 
ized at  the  Fluid  Power  Research  Center  under  the  sponsorship  of  the  U.S.  Army  MERDC 
[1  ].  The  test  is  designed  to  progressively  expose  a pump  to  increasing  sizes  of  contaminant 
while  monitoring  the  influence  of  each  size  on  the  designated  performance  parameter  — 
output  flow.  The  pump  is  operated  at  reference  or  rated  conditions  of  shaft  speed  and  out- 
let pressure  throughout  the  test. 

The  test  facility  utilized  to  conduct  a contaminant  sensitivity  test  is  illustrated  in  Fig. 
2-1.  To  enhance  both  the  repeatability  and  reproducibility  of  the  test,  the  volume  of  the 
test  fluid  in  the  circuit  is  maintained  at  a constant  value  equal  to  one-fourth  the  rated 
volume  flow  of  the  pump  per  minute.  The  control  or  clean-up  filters  utilized  must  be 
capable  of  reducing  the  contamination  level  of  the  fluid  between  injections  to  less  than 
10  mg/litre.  Again,  for  the  sake  of  uniformity,  the  procedure  specifies  the  use  of  single- 
cut (e.g.,  0-5,  0-10,  0-20#iM,  etc.)  contaminant  classified  from  AC  Fine  Test  Dust  as  the 
base  stock.  A quantity  of  contaminant  in  each  size  range  is  progressively  introduced  to 
yield  a test  contamination  level  of  300  mg/litre. 

Prior  to  injecting  contaminant  into  the  test  system,  a break-in  or  stabilization  period 
must  be  established.  During  this  period,  the  test  pump  is  operated  at  progressively  higher 
pressures  until  the  rated  pressure  is  reached.  This  pressure  is  maintained  for  at  least  one 
hour  until  the  output  flow  stabilizes.  This  break-in  strengthens  the  contention  that  any 
subsequent  wear  is  due  to  contamination. 
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The  contaminant  sensitivity  test  is  initiated  by  injecting  the  required  quantity  of  0-5 
micrometre  dust  into  the  test  loop.  The  contaminant  is  circulated  under  constant  operating 
conditions  until  30  minutes  have  elapsed  or  until  the  output  flow  has  remained  constant 
for  at  least  10  minutes.  After  the  required  contaminant  exposure,  the  fluid  is  circulated 
through  the  control  filter  until  the  desired  fluid  cleanliness  is  achieved.  At  the  end  of 
the  filter  period,  the  amount  of  degradation  in  output  flow  resulting  from  the  previous 
injection  is  measured  and  recorded.  The  above  test  sequence  is  continued  with  progres- 
sively increasing  particle  size  ranges  - 0-10,  0-20,  ...  0-80/aM,  until  either  the  0-80/iM 
size  has  been  injected  or  the  output  flow  has  decreased  to  less  than  70%  of  its  original 
value.  The  data  resulting  from  this  test  can  then  be  utilized  to  calculate  contaminant 
tolerance  information. 

The  pump  contaminant  sensitivity  test  procedure  developed  at  OSU  was  submitted 
to  the  National  Fluid  Power  Association  for  industrial  standardization.  It  has  undergone 
some  modifications  during  the  past  few  years  and  now  appears  in  NFPA  as  “Method 
for  Establishing  the  Flow  Degradation  of  Hydraulic  Fluid  Power  Pumps  When  Exposed 
to  Particulate  Contaminant " [2|.  The  latest  draft  was  recently  balloted,  and  NFPA 
approval  as  a national  standard  is  anticipated  in  the  near  future. 
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Fig.  2-1.  Test  Circuit  for  Pumk)  Contaminant  Sensitivity  Test. 
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CHAPTER  III 


CONTAMINANT  WEAR  THEORY 


The  primary  requirement  tor  a contaminant  wear  theory  or  sensitivity  model  is  to 
provide  a means  by  which  the  effects  of  changes  in  operating  environment  upon  compon- 
ent service  life  can  be  determined.  Since  a contaminant  sensitivity  test  is  conducted  with 
300  mg/litre  of  specially  sized  contaminants,  an  appropriate  model  must  be  utilized  for 
prediction  of  wear  under  other  contaminant  environments.  The  following  contaminant 
wear  theory  which  was  developed  at  Oklahoma  State  University  and  presented  in  Ref.  [3] 
is  summarized  here  to  provide  the  reader  with  an  adequate  background  for  understanding 
and  applying  the  model. 


LABORATORY  SENSITIVITY  EXPRESSIONS 


The  contaminant  sensitivity  model  is  based  upon  the  contention  that,  for  every 
critical  size  particle  that  passes  through  or  is  exposed  to  the  pump,  there  is  a finite  amount 
of  damage  which  reduces  the  output  flow  of  the  pump.  Thus,  the  rate  that  the  flow  de- 
grades (dQ/dt)  depends  upon  the  sensitivity  (S^  of  the  pump  at  size  interval  (i)  and  the 
rate  (dN(/dt)  at  which  particles  of  size  interval  (i)  are  exposed  to  the  pump.  This  rela- 
tionship is  expressed  by  the  following  expression: 


dQ/dt 


- S,  (dN  /dt) 


(3-1) 
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The  contaminant  wear  equation  can  be  evaluated  for  conditions  of  the  laboratory 
test  by  considering  the  nature  of  each  parameter.  The  rate  at  which  particles  of  any  size 
interval  are  exposed  to  the  internal  parts  of  a pump  at  time  t with  flow  rate  Q and  particle 
concentration  n is  determined  by: 

dN/dt  = Qn  (3-2) 

Higher  flow  rates  or  particle  concentrations  result  in  higher  exposure  rates. 

A factor  which  has  a different  characteristic  in  the  laboratory  test  than  it  does  in  a 
field  application  is  the  particle  concentration.  In  the  field  application,  the  particle  concen- 
tration is  maintained  relatively  constant  by  the  continual  filtering  and  replenishment  from 
the  environment.  This  situation  does  not  exist  in  the  laboratory  test,  since,  for  a given  size 
range,  particles  are  only  injected  once  and  are  eventually  destroyed  by  the  test  pump.  The 
particle  destruction  process  is  reflected  by: 

n = no  e't,T  (3-3) 

where  no  is  the  initial  particle  concentration  and  r is  the  time  constant  of  the  destruction 
process. 

It  has  been  demonstrated  [4]  that  the  contaminant  sensitivity  is  a linear  function  of 
the  particle  concentration.  Thus,  the  sensitivity  can  be  expressed  as: 

S = an  (3^) 

where  a is  a constant  termed  the  contaminant  wear  coefficient  and  has  units  of  (volume/ 
particle)2  per  unit  time. 
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Combining  Eqs.  (3-1)  through  (3-4)  yields  the  differential  equation: 


dQ/dt  = — a no2  Q e'2t,T  (3-5) 

Integrating  Eq.  (3-5)  yields  the  governing  equation  for  the  laboratory  wear  process: 

Q = Q0  e'aTno2  (1  • «’2t,T>  (3.6) 

where  Qo  is  the  initial  flow  rate  prior  to  injection  and  Q is  the  flow  rate  at  time  t. 

If  the  contaminant  wear  coefficient  a and  the  particle  destruction  time  constant  r for 
one  particle  size  interval  are  known,  Eq.  (3-6)  can  be  utilized  to  predict  the  flow  rate  of  the 
pump  at  any  time  after  the  injection.  Conversely,  if  the  flow  rate  versus  time  curve  is  known, 
Eq.  (3-6)  can  be  utilized  to  solve  for  a and  r for  each  particle  size  interval.  It  was  shown  in 
Ref.  [3]  that  the  particle  destruction  time  constant  was  equal  to  an  average  value  of  approxi- 
mately nine  minutes  for  all  particle  sizes  and  types  of  pumps.  If  it  is  assumed  that  t is  a 
constant,  then  Eq.  (3-6)  can  be  rewritten  for  a given  particle  size  interval  and  t = as: 

a = -2  Cn  (Qf/Qo ) / no2  (3-7) 

where  Qf  is  the  final  flow  rate  after  a given  injection. 

The  test  data  necessary  to  evaluate  the  wear  coefficients  for  each  particle  size  are 
obtained  directly  from  the  laboratory  tests.  Typical  data  wliich  can  be  observed  during  the 
test  are  illustrated  in  Fig.  3-1  and  show  the  normal  influence  of  particle  size  on  the  flow  degrad- 
ation of  the  pump.  The  contaminant  wear  coefficients  are  characteristic  constants  for  a given 
pump  and  can  be  utilized  to  predict  the  wear  associated  with  the  identical  pumps  under  differ- 
ent contaminant  environments  and  similar  operating  conditions. 


FIELD  SENSITIVITY  EXPRESSIONS 


t 


Fig.  3-1 . Size  Sensitivity  Relationship. 


For  field  operation,  it  is  assumed 
that  the  contaminant  is  continually 
being  ingressed  or  generated  and  sub- 
sequently filtered  from  a system. 

This  continuous  interchange  of  new 
particles  results  in  a relatively  constant 
contamination  level.  Thus,  the  govern- 
ing differential  equation  derived  similar 
to  Eq.  (3-5)  is: 


dQ/dt 


a n2  Q 


(3-8) 


for  a given  particle  size  interval  and 
constant  particle  concentration  n.  Integration  results  in  the  flow  versus  time  equation  for  a 
single  particle  size  interval: 


Q e-< 


(3-9) 


Solving  for  time  and  allowing  for  full  particle  size  distribution  to  be  reflected  gives  the  follow- 
ing reference  contaminant  life  equation: 

i 

max 

T = -Cn(Qr/Qo)  a,  n,2  (3-10) 

i - 1 

where  Q„  and  Qr  arc  respectively  the  initial  and  final  flow  rates  and  T is  the  contaminant 
service  life.  The  c^’s  are  the  reference  contaminant  wear  coefficients  evaluated  from  laboratory 
tests,  and  the  n(’s  are  the  particle  concentrations  for  the  various  size  intervals  which  describe 
the  particle  size  distribution  of  the  field  fluid. 
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CONTAMINANT  TOLERANCE  PROFILE 


The  contaminant  life  equation  can  be  utilized  to  calculate  the  pump  contaminant  life 
when  the  particle  size  distribution  is  known.  In  many  instances,  however,  it  is  desirable  to 
determine  the  maximum  particle  size  distributions  which  would  result  in  a specific  contam- 
inant life.  Such  information  is  required  when  determining  the  degree  of  filtration  necessary 
to  protect  a given  pump.  In  order  to  provide  such  information,  the  contaminant  tolerance 
profile  was  developed. 

The  contaminant  tolerance  profile  can  be  described  as  the  locus  of  tangency  points 
associated  with  particle  size  distribution  lines  which  yield  the  same  contaminant  life.  The 
profile  is  plotted  on  the  conventional  log-log2  particle  size  distribution  graph  to  facilitate 
comparison  with  various  field  distributions.  In  order  to  construct  a profile,  several  different 
distributions  must  be  found  which  yield  the  same  contaminant  life  for  the  component. 
Finding  these  distributions  is  an  iterative  process  which  necessitates  the  use  of  a computer 
program  [5).  The  mechanics  of  the  profile  construction  are  illustrated  in  Fig.  3-2.  The 
interpretation  of  the  profile  is  simply  that  any  straight-line  distribution  which  is  tangent  to 
or  below  a contaminant  tolerance  profile  will  result  in  a contaminant  life  equal  to  or  greater 
than  the  life  associated  with  the  profile  itself. 


CHAPTER  IV 


r 


CONTAMINANT  LIFE  TESTING 

The  basic  procedure  to  be  followed  for  determination  of  pump  contaminant  life  for 
verification  of  the  contaminant  wear  theory  consisted  of  the  following: 

1 . Conduct  contaminant  sensitivity  test  on  subject  pump. 

2.  Calculate  contaminant  tolerance  profile  for  pump. 

3.  Determine  contamination  level  to  result  in  desired  life. 

4.  Select  proper  filter  and  ingression  rate  to  produce  required  contamination  level. 

5.  Conduct  life  test. 

6.  Compare  results  of  life  test  to  prediction. 

The  first  pump  to  be  evaluated  was  a gear  pump  designated  as  FPRC  Pump  223.  A 
contaminant  sensitivity  test  was  conducted  on  this  pump  in  accordance  with  the  procedure 
described  in  Chapter  II.  The  results  of  this  test  are  included  in  Appendix  A,  and  the  one 
hundred  hour  contaminant  tolerance  profile  calculated  for  this  pump  is  shown  in  Fig.  4-1. 

A one  hundred  hour  life  was  selected  for  the  first  few  tests  in  order  to  provide  a more  rapid 
determination  of  the  critical  test  parameters. 

A filter  was  selected  for  use  in  the  tests  which  had  an  extremely  high  contaminant 
capacity  in  order  to  reduce  the  number  of  element  changes  required.  A standard  multi-pass 
test  [6 1 was  conducted  on  this  element  to  determine  its  filtration  performance.  The  results 
of  this  test  are  presented  in  Fig.  4-2.  The  contamination  hvel  downstream  of  the  filter  at 
the  first  sample  point  is  plotted  in  Fig.  4-1  with  the  100-hour  pump  profile.  Since  the 
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PARTICLE  SIZE  , micrometers 


Fig.  4-1 . Filter  Protection  Required  for  Pump  No.  223. 
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standard  filter  test  was  performed  with  a base  upstream  gravimetric  level  (digression  level)  of 
ten  milligrams/litre,  it  was  estimated  that  an  ingression  of  approximately  0.5  milligrams/litre 
would  produce  a contamination  level  just  below  the  100-hour  profile  for  Pump  No.  223.  This 
is  illustrated  in  Fig.  4-1 . 

A simplified  schematic  of  the  test  circuit  utilized  for  the  pump  contaminant  life  tests 
is  given  in  Fig.  4-3.  The  main  pump  test  system  consists  basically  of  a flowing  loop  with  a 
load  valve  provided  to  produce  the  required  test  pressure.  The  contaminant  conditioning 
system  is  similar  to  a multi-pass  filter  test  system  with  continuous  ingression  provided  by  the 
contaminant  injection  system.  For  the  pump  life  test  on  Pump  No.  223,  the  flow  rate  in  the 
contaminant  conditioning  system  was  26  litres  per  minute,  and  the  injection  rate  was  set  at 
approximately  1 3 milligrams  per  minute  of  AC  Fine  Test  Dust.  This  resulted  in  the  desired 
base  upstream  level  at  the  filter  of  0.5  milligrams/litre.  The  test  configuration  utilized  was 
selected  to  produce  longer  filter  life  while  retaining  an  approximation  to  a realistic  field 
system.  Mil-L-2104  cl.  10  hydraulic  fluid  at  65.5° C was  utilized  in  all  testing. 

The  actual  contamination  level  obtained  during  the  contaminant  life  test  on  the  first 
Pump  No.  223  varied  somewhat  throughout  the  test,  as  illustrated  in  Fig.  4-4.  The  actual 
particle  counts  are  listed  in  Appendix  B and  are  plotted  in  Fig.  4-5.  It  can  be  seen  from 
Figs.  4-4  and  4-5  that  the  contamination  level  actually  started  out  low  and  then  built  up 
to  in  excess  of  the  level  estimated  from  Fig.  4-1.  The  particle  counts  reported  were  obtained 
with  an  automatic  particle  counter  calibrated  with  AC  Fine  Test  Dust  in  accordance  with  the 
national  standard  [7], 

The  results  of  the  actual  contaminant  life  test  conducted  on  Pump  No.  223A  are  plotted 
in  Fig.  4-6.  The  measured  performance  parameter  was  output  flow  with  speed,  pressure,  and 
temperature  maintained  constant  at  1800  RPM,  138  bar  (2000  psi),  and  65.5°C,  respectively. 
The  flow  degradation  ratio  plotted  in  Fig.  4-6  is  the  ratio  of  the  flow  rate  at  the  reference  time 
to  the  initial  or  rated  flow.  A flow  reduction  of  20%  (or  a flow  degradation  ratio  of  0.8)  is 
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Fig.  4-3.  Pump  Contaminant  Life  Test  Circuit. 
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generally  considered  failure;  thus,  Pump  No.  223A  reached  failure  after  approximately  108 
hours  of  operation. 


Also  plotted  in  Fig.  4-6  is  the  theoretical  flow  degradation  curve.  This  curve  was  ob- 
tained by  the  use  of  Eq.  (3-9)  from  Chapter  111.  Eq.  (3-9)  can  be  rewritten  with  summation 
for  the  various  particle  size  intervals  as  follows: 


Q 


Q e 


-(ICKjn,2)* 


(4-1) 


The  values  for  the  particle  concentrations  (n^  at  various  times  (t)  can  be  found  in  Appendix 
B.  Counts  were  utilized  in  the  range  between  1 and  200*iNtand  straight-line  (log-log2) 
extrapolation  was  utilized  when  necessary  to  obtain  the  required  particle  counts.  The  values 
for  the  contaminant  wear  coefficients  (a)  for  the  pump  were  obtained  from  a standard  con- 
taminant sensitivity  test,  as  reported  in  Appendix  A.  Eq.  (4-1)  is  utilized  by  setting  Qo  equal 
to  the  initial  or  rated  flow  for  the  first  time  interval.  A value  for  Q at  the  end  of  that  time 
period  is  then  calculated.  Utilizing  that  new  flow  value,  Q,  and  new  particle  concentrations, 
another  flow  degradation  can  be  calculated  for  the  next  time  interval.  This  process  is  continu- 
ed for  each  time  period  where  particle  concentrations  are  available.  The  flow  degradation 
ratios,  as  plotted  in  Fig.  4-6,  are  then  calculated  by  dividing  each  of  the  final  flow  rates  by 
the  initial  flow  at  the  start  of  the  test.  The  theoretical  contaminant  life  for  Pump  No.  223A 
based  upon  the  test  conditions  is  approximately  72  hours,  as  seen  from  Fig.  4-6.  This  corre- 
sponds to  a flow  degradation  of  20%. 


Before  initiating  further  contaminant  life  tests,  the  test  system  was  revised  to  allow  the 
simultaneous  testing  of  up  to  three  pumps.  The  test  circuit  was  changed,  as  shown  in  Fig.  4-7. 
In  this  configuration,  all  test  pumps  are  exposed  to  the  identical  contamination  level,  pressure, 
and  temperature.  A test  utilizing  this  circuit  was  conducted  on  Pump  No.  223B,  No.  241 , and 
No.  247.  All  three  pumps  were  gear  pumps  and  were  operated  at  138  bar,  1800  rpm,  and 
65.5°C  with  Mil-L-2104  hydraulic  oil.  Pump  No.  223B  was  identical  to  Pump  No.  223A.  The 


Fig.  4-7.  Multiple  Pump  Life  Test  Circuit. 


results  of  contaminant  sensitivity  tests  on  Pumps  241  and  247  are  included  in  Appendix  A. 
In  addition,  the  actual  particle  count  data  obtained  from  the  test  are  included  in  Appendix 
B. 


The  100-hour  contaminant  tolerance  profile  for  Pump  No.  223B  is  shown  in  Fig.  4-8, 
along  with  some  of  the  contamination  levels  measured  throughout  the  test.  Fig.  4-9  shows 
the  actual  flow  degradation  results  which  produced  a contaminant  life  of  approximately 
122  hours.  The  calculated  life  based  upon  the  test  conditions  was  approximately  five  hours. 

Figs.  4-10  and  4-1 1 illustrate  similar  data  for  Pump  No.  241 . The  actual  contaminant 
life  and  calculated  “ theoretical ” life  were  approximately  262  hours  and  53  hours,  respective- 
ly. The  test  data  for  Pump  No.  247  are  shown  in  Figs.  4-12  and  4-13.  For  this  pump,  the 
actual  life  was  83  hours,  while  the  calculated  value  was  approximately  one  hour. 

Based  upon  these  test  results,  it  appeared  that  running  three  pumps  simultaneously 
with  the  same  fluid  (and  contaminant)  may  have  an  unanticipated  influence  on  the  results. 

This  was  reasoned  from  the  wide  difference  in  calculated  and  actual  contaminant  life.  The 
next  test  was  therefore  conducted  as  a single  test  on  Gear  Pump  No.  252.  The  test  conditions 
were  similar  to  those  utilized  on  the  previous  tests.  The  pump  contaminant  sensitivity  data 
are  included  in  Appendix  A,  and  the  particle  counts  are  presented  in  Appendix  B.  Fig.  4-14 
illustrates  the  100-hour  contaminant  tolerance  profile  for  Pump  No.  252  as  well  as  some  of 
the  test  contamination  levels.  Fig.  4-15  shows  the  results  of  the  actual  test,  which  produced 
a contaminant  life  of  approximately  1 23  hours.  The  calculated  life  was  57  hours  based  upon 
the  test  conditions. 

Additional  tests  were  attempted  on  two  other  pumps;  however,  these  pumps  failed 
before  the  test  could  be  initiated.  It  is  not  known  whether  the  failures  were  contamination 
related;  however,  additional  tests  on  these  pumps  are  being  conducted.  The  results  of  standard 
contaminant  sensitivity  tests  on  these  pumps  (Nos.  242  and  243)  are  included  in  Appendix  A 
for  future  reference. 
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Fig.  4-9.  Contaminant  Life  Results,  Pump  No.  223B. 
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Fig.  4-10.  Test  Contamination  Levels  for  Pump  No.  241 
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Fig.  4-12.  Test  Contamination  Levels  for  Pump  No.  247. 
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Fig.  4-13.  Contaminant  Life  Results,  Pump  No.  247. 


VI  29 


• ACTUAL  DATA 
X CALCULATED  THEORETICAL 


9 0 9 


07  H 


PARTICULATE  CONTAMINATION  CHART 


SPECIFIC  6WAVIT' 
Shape  facto* 


'0  HOURS, 


AM  IN  ANT 


PARTICLE  SIZE  , micrometers 


Fig.  4-14.  Test  Contamination  Levels  for  Pump  No.  252. 
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Fig.  4-1 5.  Contaminant  Life  Results,  Pump  No.  252. 

VI-31 


**  - 111 

PRSCSDItC  PAG* a ^LANK-HOT  FILMED 


CHAPTER  V 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  primary  objective  of  this  project  was  to  verify  or  modify  the  pump  contaminant 
wear  theory  previously  developed  at  Oklahoma  State  University.  With  such  a theory, 
filter  protection  levels  could  be  correctly  specified  for  MERDC  systems  to  enhance  their 
reliability  and  produce  longer  component  life.  The  basic  approach  was  to  conduct  long- 
term tests  on  hydraulic  pumps  with  controlled  operating  parameters  and  contaminant 
environment.  The  pump  life  thus  measured  could  then  be  compared  to  the  life  calculated 
using  the  contaminant  wear  relationships  and  pump  sensitivity  characteristics  as  measured 
by  a standard  accelerated  test. 

The  first  pump  tested  (No.  223A)  exhibited  a life  of  108  hours  until  the  flow  had  de- 
graded by  20%  of  its  original  value.  The  contaminant  life  calculated  using  the  wear  relation- 
ships and  actual  particle  counts  was  equal  to  approximately  72  hours.  The  calculated  life 
was  67%  of  the  actual  life.  It  was  felt  that  this  was  extremely  close  agreement  when  all  the 
possible  operating  variables  are  considered. 

After  a relatively  successful  first  test,  it  was  decided  to  test  three  pumps  simultaneously. 
The  results  on  Pump  Nos.  223B,  241 , and  247  were  not  nearly  as  encouraging  as  Pump  No. 
223A.  Pump  No.  223B  exhibited  a calculated  life  (five  hours)  of  only  slightly  more  than  4% 
of  the  actual  life  obtained  (122  hours).  This  pump  was  intentionally  tested  in  order  to  deter- 
mine the  variations  from  test  to  test,  especially  when  testing  more  than  one  pump  at  a time. 
When  the  4%  estimation  is  compared  to  the  67%  obtained  on  an  identical  pump  (No.  223A), 
a major  difference  in  test  results  is  revealed.  The  additional  two  pumps  tested  (Nos.  241  and 
247)  exhibited  similar  characteristics  to  No.  223B,  with  the  calculated  life  representing 
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respectively  20%  and  1.2%  of  the  actual  lives  obtained.  These  values  are  much  lower  than 
the  67%  obtained  on  Pump  No.  223A  tested  as  a single  pump. 

After  a re-examination  of  the  mathematical  relationships  presented  in  Chapter  III, 
at  least  one  possible  explanation  was  found  for  the  wide  variation  between  calculated  and 
actual  life  for  the  three  pumps  tested  together.  The  laboratory  contaminant  wear  equations 
assume  that  the  contaminant  is  destroyed  by  the  pump  in  an  exponential  manner  with  time 
constant  r.  In  reality,  the  contaminant  is  not  actually  destroyed,  but  its  abrasive  character- 
istics are  probably  altered  (sharp  edges  smoothed,  etc.)  by  the  wear  process.  Thus,  although 
the  particles  are  still  in  existence,  their  effectiveness  for  causing  wear  has  been  lost.  This 
effect  has  been  recognized  in  the  laboratory  when  wear  stops  for  a given  injection,  but  subse- 
quent injections  of  the  same  size  particles  produce  additional  wear.  The  laboratory  expressions 
are  probably  correct  with  the  inclusion  of  a particle  destruction  time  constant  r because  the 
same  wear  reducing  effect  is  actually  present. 

The  field  contaminant  sensitivity  expressions,  however,  do  not  include  a particle  destruc- 
tion factor.  In  a real  system  or  in  the  simulated  test,  there  must  be  some  “particle  destruction  ” 
occurring,  as  assumed  in  the  laboratory  equations  due  to  the  multi-passing  of  the  contaminated 
fluid.  It  is  therefore  not  accurate  to  specify  the  contamination  characteristics  by  only  particle 
size  distribution.  Some  account  must  be  made  of  the  effectiveness  of  the  particles  to  cause 
wear.  This  can  be  accomplished  by  consideration  of  the  filter  and  ingression  characteristics 
in  the  field  contaminant  sensitivity  expressions.  In  the  test  reported  in  which  the  three  pumps 
were  tested  simultaneously,  the  rate  at  which  the  particles  were  “ destroyed ” must  have  been 
extremely  high  due  to  the  fact  that  all  three  pumps  were  “ attacking ” the  same  contaminant. 
This  could  certainly  explain  the  differences  in  the  test  results  and  calculated  life. 

In  addition  to  the  pump  tests  mentioned,  one  other  test  was  completed.  This  pump 
(No.  252)  was  tested  individually  and  exhibited  agreement  between  calculated  and  actual  life 
more  nearly  like  the  first  pump  tested.  The  theoretical  life  of  57  hours  was  46%  of  the  actual 
life  of  123  hours.  Further  refinement  of  the  contaminant  sensitivity  expressions  should  pro- 
duce even  closer  agreement. 
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Several  additional  tests  are  planned  for  the  continuation  of  this  project.  These  include 
tests  on  the  pumps  which  exhibited  premature  failure  and  long-term  (500-1000  hour)  tests 
on  all  the  pumps.  The  contaminant  sensitivity  expressions  will  be  modified  to  include  a 
Held  particle  destruction  rate  as  the  required  data  are  collected  to  define  the  process. 

The  primary  difficulty  encountered  when  conducting  the  pump  life  tests  was  maintain- 
ing the  test  facility  in  an  operational  condition.  The  severe  environment  was  a test  upon  the 
other  system  components  as  much  as  the  pump  under  evaluation.  It  is  felt  that  the  test 
facility  is  now  reliable  and  suitable  for  conducting  long-term  tests. 

Overall,  this  verification  study  has  been  successful.  Although  additional  data  are  neces- 
sary to  accurately  refine  the  contaminant  sensitivity  theory,  the  results  of  the  project  can 
certainly  be  utilized  to  indicate  trends.  In  all  instances,  the  actual  pump  life  obtained  was 
in  excess  of  the  calculated  value.  Because  of  this  conservative  estimation,  one  can  certainly 
feel  safe  in  utilizing  the  theory  and  equations  as  they  exist.  However,  future  testing  should 
provide  the  necessary  refinement  to  allow  closer  estimation  of  actual  life. 
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APPENDIX  A 

' PUMP  CONTAMINANT  SENSITIVITY  TEST  DATA 

I »l 


1 


PRECSDII©  PA3£ i $LANK. J-fCT  FILKSD 


I 


FPRC 

PUMP  NO. 

223. 

OIAMETER  vlr 

QF/QR 

5.0 

19.17 

1. 300 

10  .0 

19.17 

1.000 

20.0 

18.05 

0.94  2 

30  .0 

16.03 

0. 836 

4C  .0 

13.79 

0.719 

50.0 

10. 34 

0.639 

60  . 0 

70.0 

80.0 
90.0 

l 00.0 


13  00  RhM,  20  * ^ P S I 


OF/QO 

ALPHA 

1 • 000 

0.0 

1 

C .3 

0.942 

5.64  7 7 E-  12 

0.888 

4.097  IE—  1C 

0.d60 

4.4665E-CS 

0.  73  0 

1 • 3045E-C7 

C .660 

7.68 1 IF- C7 

0 .5o  2 

4 .572 1 F-CC 

0.465 

2. 1 S93E-05 

0 • 372 

8.025QE- CS 

0.288 

3.0  1 3A  E — C4 

O RATED-  19.17  OPM 


INTERCEPT  = 5.000E  04  GRAVIMETRIC 


3.202E  00  LIFE  = 6.J03C  ^2  HOURS 


INTERCEPT  = 3.200E  04  GRAVIMETRIC  = 3.200F  00  LIFE  = 4.329E  02  HOURS 


INTERCEPT  = 5.00CE  0 J GRAVIMETRIC 


3.200F  03  LIFE  = 6. i 64F  01  HOURS 


CONTAMINANT  TOLtRANCL  PROF  I Lb  FOR  LIFE  OF  l'V'.^OO  HOURS 


SIZE 

NU.  > SIZE 

200.00 

7, 1 667E- 

02 

160.00 

1 .4269E- 

0 1 

120  .00 

3.380 1E- 

C 1 

1 00.00 

5.645  7E- 

0 1 

5C  .00 

l . 0 33  3E 

00 

70.00 

1 • 4 396E 

00 

6 0 . 0 c 

2. 2208E 

00 

SC  .00 

4.3146E 

00 

40.00 

1 • 0 4 7 1 E 

0 1 

30.00 

3.3596E 

01 

20.00 

1 . 6985E 

0 2 

15.00 

5. 1 360E 

02 

10.00 

2.5823E 

0 3 

5.00 

l .2278E 

06 

4.00 

1 .6435E 

08 

3.00 

l.C 1 16E 

1 1 

VI-39 


(.pec  PUMP  Nn.  2*1.  1800  RPM,  2000  PS!  0 PATEO=  19. SO  OPM 


CIAM-t-eR 

OF 

C F / UR 

0F/00 

ALPHA 

S.  0 

is.  so 

1. 000 

l.  CCC 

0.0 

10.0 

! 9. SO 

1 .000 

1.000 

0.0 

20.  0 

IS. SO 

1 .000 

1.  COO 

0.0 

3C.0 

18.6  1 

0.954 

0.  954 

2.  5781F-10 

A 0 . 0 

! 7.71 

0.908 

0.952 

B.3798E-10 

sc.  r* 

16.  S 9 

0.85  l 

0.937 

1 . 6 99  9 F -08 

60.0 

1 A. 9 1 

0.  765 

0.  899 

2.4471E-07 

70.0 

13.79 

0.7  07 

0.925 

-7. 07625-07 

8C.  c 

12.  c5 

0.  644 

C.  910 

1 . 8836E-06 

90.0 

0.  830 

3.5C00E-0S 

100.0 

0.818 

1 .79805-05 

INTERCEPT  = 

5.070E 

04 

GRAVIMETRIC  = 

3.200E 

00 

LIFE  = 

4.991E 

03 

hours 

intercept  = 

3.200E 

04 

GRAVIMETRIC  = 

3.  200  F 

00 

LIFE  = 

2 .422  E 

03 

HOURS 

INTERCEPT  = 

5.  OOOE 

03 

GRAVIMETRIC  = 

3.200E 

00 

LIFE  = 

4.27T9E 

02 

HOURS 

CPNTA«1N4NT  TOLEPANCE  PROFILE  FOE  LIFE  OF  100.000  HOU°S 


SIZE 

NC.  > SIZE 

2 CO. 00 

2.0575E- 

Cl 

160.00 

4. 12  78  E- 

•01 

120.00 

9.  5966 E- 

•01 

100.00 

1.6159E 

00 

80.  10 

2.9284E 

00 

70.  00 

4.  1784E 

00 

60.00 

6. 1159E 

CO 

50.00 

1 .1053E 

01 

40.  00 

2.  5 1 1 6 E 

Cl 

30.00 

7.  699  IE 

01 

20.00 

4.1387E 

02 

15.  00 

7.  8889E 

03 

10.00 

1.  2987E 

07 

5.00 

l .7  049  E 

13 
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F P c r u t '-  V 


18JC 


03  7 P< ' 


; 5«T':Os 


17.  41  GP* 


LlA-iF-re  jr  of/jf  jf/qo  aloha 


17.4  '■ 

1 . ‘70  7 

l .000 

7.0 

W.  7 

17.  B 7 

l.  730 

1.  coc 

0.0 

37.  ) 

’7.77 

0.  >9’ 

3. 03  3 

0.4r.<”=-l  ’ 

jo.  : 

1 7.  1 =3 

C.  R-'l 

3.987 

4.23016-1  1 

40.7 

It.  31 

C.5c  1 

C.  9B3 

3.47^28-10 

r3.  A 

10.23 

0.370 

0.=67 

1 . 5470'-O3 

f C.  ' 

1 5.47 

0.  3H3 

0.352 

3.27778-39 

7C  .7 

14.44 

0.3  3-7 

7.  943 

1.  IF77F-77 

8 7.7 

t.5i 

0.7  75 

3.01316-06 

9C.  0 

C.  902 

9.42606-05 

100.7 

0.831 

2.6943E-05 

INT  Mf  = 

5.070= 

04 

G-»  A VIMr  tb  ;r  - 

3.2CCE 

30 

LI  FE  = 

5.577- 

0 3 

HO  UPS 

TNT  f.*C  C”T  = 

3.27o: 

34 

G°  A V ! M6  TR I C = 

2.  23  36 

3C 

LT  65  = 

3.3456 

03 

HOURS 

TNTf-KC'>7  = 

5.737: 

7 3 

GPAVIMFTF  IC  = 

3.200= 

30 

L I Fc  = 

6.  1-7  36 

02 

H U°S 

rr\’i*!MM  tol-w  af.cs  ourfiiE  fob  lift  of  icj.oco  hours 


s 1 7 r 

•10.  5 SWF 

200.03 

2.33075- 

■01 

16  0.00 

4.  4 74  76- 

•01 

120.70 

1.09256 

OC 

1 CO. 03 

1.  °2Fa6 

00 

<*  3.  00 

3,  32*86 

00 

7 3.70 

4.7013c 

00 

60.  03 

7.07686 

00 

50.  00 

1. 35776 

Cl 

40.03 

J.  2 32  76 

Cl 

7 3.00 

1.32335 

0 2 

23.  00 

5.  03586 

02 

15.03 

1.52  = 56 

C 3 

13.03 

7.65046 

03 

5.  00 

2.  42426 

C4 

4.00 

2.94806 

ca 

7.  03 

1.44226 

11 
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FPP  C PUMP  NO.  263,  130C  PPM,  2 OOO  RSI  0 RATCU=  11.67  GPM 


DIAMETER 

JF 

OF  / OR 

CF/QO 

alpha 

5.0 

1 3.67 

l .000 

1.000 

0.0 

10.  0 

13.67 

1 .000 

1. 000 

0.0 

20.0 

13.67 

1. 000 

l.  CCC 

0.0 

10.0 

'3.11 

0.950 

0.959 

2.30R7E-10 

60.0 

1 1.  10 

0.  3 12 

0.  86  7 

l.2363E-0d 

50.0 

8.  76 

0.6  39 

0.  787 

7. 63  3 7c -08 

60.  0 

0.685 

R. 23676-07 

70.  0 

0.  586 

6.513  8E-06 

80.9 

0.686 

?.  1 29  IE  - 05 

OC.  0 

0.388 

8 .5131E-05 

lor.o 

0.  302 

2.  970  8F-06 

INTFPCFpT  = 

5.000F 

06 

GRAVIMETRIC  = 

3.  20CE 

00 

LIFE  = 

2. 6906 

03 

HOURS 

INTFFCEPT  = 

3.200F 

06 

GRAVIMETRIC  * 

3.  200E 

00 

life  = 

8.  7736 

02 

HOURS 

INT  FD  C E°T  = 

5.000E 

03 

GRAVIMETRIC  = 

3.20CE 

OC 

LIFE  = 

6. 3276 

01 

HOURS 

CCNT  AMI  NANT  TOLERANCE  PROFILE  FOR  LIFE  OF  lOO.OCO  HOURS 


SI  7 6 

no.  > si  ze 

120.00 

3.39566-01 

ICO.  00 

5.65126- 

■01 

80.00 

1.03396 

CO 

70.00 

1.67166 

00 

60.  30 

2.22166 

00 

50.00 

6.66016 

00 

60.00 

1.15366 

01 

30.  00 

6. 30966 

01 

20.00 

6.06226 

02 

15.00 

2.6287  E 

06 

10.00 

1. 51 73E 

08 

5.00 

1.16586 

15 

■ 


FPCC  0[)-<r  ,.j . 4,7,  i;iCC  EPF,  2C3J  »SI 


■j  n tfo=  ^1.63  G0*' 


' A V 3 T ‘ « 

OF 

CF/C-- 

QF/ar 

ft  l 0 F A 

3,0 

21.43 

1. 000 

1.  coo 

0.0 

10.  0 

21.32 

0.7  7C 

0.09  3 

2.6>4?  1C-14 

20.  3 

» C.  06 

0.  02  7 

0.  S3 2 

6.2995F-12 

30.  a 

13.36 

0.710 

3.  76' 

1. 18572-39 

AC.  r 

1 C.OP 

0,4.»b 

0.657 

1 . 7703 E -03 

EC.  o 

0.  47C 

3.2C12F-07 

60.0 

0. 32  4 

2.219  72-06 

TC.  3 

0.  20  3 

1. 31 Ml £-05 

bc.o 

0.  lit 

6.  3 596F-05 

oo.o 

.'.05  3 

2.01 76  r- 04 

ICC.  C 

0 . 02  5 

O.3295E-04 

IN  TC0CF°T  = 5.  OOOE  04  G 3 A VI  Nf  T 0 I C 


3.209F  00  LIFE  = 3.460E  02  HOUPS 


I N T F p f T ° r = 3.  20JE  04  G9  A VI  ME  Tp  IC  = 3.200E  00  LIFF.  = 2.014r  02  HOURS 


INTFFCFP1 


5.00CF  03  GF  A VI  «ETP  IC  = 3.200E  00  LIFE  = 2.007F  01  HOU«S 


CONTAMINANT  TOLERANCE  P°  OF  I Lt  EOF  LIFE  OF  100.000  HOURS 


S’  2C 

NO.  > SIZE 

200.00 

4.  1375F- 

■02 

’ 70.00 

1.9317F- 

01 

ICO.  00 

3.  2208E- 

•Cl 

8 0.00 

5.  8770E- 

01 

70.  00 

8.2989  E- 

•01 

6 0.  00 

l.  26  74E 

oc 

50.00 

2.  5 3 30E 

00 

40.  00 

6. 3455F 

cc 

30.00 

2.1283E 

01 

20.  00 

1 . 1 535  E 

02 

15.  00 

3.  7160F 

02 

10.00 

1 .39032 

03 

5.0  0 

3.5S40E 

04 

4.  00 

2.  4C64E 

05 

3.0  1 

7.4156E 

06 

2.00 

9.9892  E 

08 

1.  00 

1.  362  OE 

1 1 

f 


J 


FPfC  PUMP  'JC. 

252. 

1B0C  ppm 

1.  2000  PS! 

C’AMETFO 

OF 

OF  / GD 

CF/QO 

ALPHA 

5.9 

22.75 

l .0  30 

1.000 

0.0 

1 0.  3 

22.64 

0.9  ’j 

0.99  5 

2 .797  60*14 

2C.0 

22.31 

0.981 

C.  585 

1.  1003F-12 

30.0 

20.36 

0.921 

0.939 

2.84668-10 

40.0 

IB.  72 

0.  32  3 

0.893 

5.571 1 E-09 

50.3 

17.60 

0.  774 

C.940  - 

3.  81  10E-08 

60.0 

I 5.58 

0.685 

0.885 

3.4775E-07 

70.  0 

0.  82  5 

1 • 9938E-06 

80.0 

0.  789 

5.0607E-06 

90.0 

3.74  1 

2.44B7E-05 

100.0 

0.  691 

8.4H2E-05 

U PATED=  22. 75  GPM 


INTERCEPT  = 5.  03  OF  O'.  GR  A VI  ME  TP  I C = 3.200F  30  LIFE  = 1.294E  03  HOUPS 


INTEPCEPT  = 3.200E  04  GR  A VI  ME  TP  I C = 3.  200E  00  LIFE  = 1.039E  03  HOURS 


INTFRCEPT  = 5.000E  03  GPAVIMETRIC  = 3. 20CE  OC  LIFE  = 2. 1 16E  02  HOURS 


CONTAMINANT  TOLERANCE  PROFILE  FOP  LIFE  OF 


100.000  HOURS 


SIZE 

NO.  > SI  ZE 

200.00 

1.3544E- 

•01 

160.  00 

2.7216E- 

-01 

120.00 

6.39  34E- 

•01 

100.00 

1 .06 1 2 E 

00 

80.00 

1 .9  362  E 

00 

70.00 

2.  7487F 

00 

60.00 

4. 1237  E 

00 

50.  00 

7.  8737E 

00 

40.00 

1.  8436E 

01 

30.  00 

5.6561E 

01 

20.  00 

2.  6656E 

02 

15.00 

7.  7906E 

02 

10.00 

3 . 3353  E 

03 

5.  00 

3.  6960b 

04 

4.00 

1.7790E 

05 

3.00 

3 .8029  E 

06 

2.00 

3.  5868E 

08 

1.00 

3.  8659E 

10 
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PRSCIDTNS  p. 


WT  flLMSD 


TABLE  B-l  CONTAMINATION  LEVEL  DATA  FROM  TIOT  ON  PU>»  NO.  223A. 


PARTICLES  PER  ML  GREATER  THAN  INTENDED  SIZE 


■>  3 «!C.  > 10  MJC.  > 20  ‘MC.  > JO  MT  C . 


2.76  1r-  04, 
2.36  0:-  04 
2.S81E  C 4, 
2.  St)  72  04, 
2 . 71  6 r 04, 
3.126C  OS 
S.8895  OS 
S.  9 3 7E  OS 
5.3005  OS 
3.333E  OS 

1.  592E  OS 
1.5S3E  05 
1.3605  05 
1.SS1F  05 
2.3565  05 

2.  393E  05 
2, 3S1E  05 
2.3905  05 
2.S19E  05 
2.S16F  05 
1 • 8S  3 1 05 

2.  5S9E  05 
3. 78 1 p 05 
3.176c  05 

3.  23  5E  05 
3.1315  05 
2.8935  05 

3.  156E  C5 
S.2295  05 
2. 9936  05 
3.  1S6F  05 
2.8255  05 

2.  9565  05 
2.9055  05 
2.9325  05 

3.  87SE  05 
3.  3795  05 
3.2735  05 
3.  60 IF  05 


s.  5655  C 3 
2.7S0C  03 
2.S17F  03 
1 . 9 1 3E  03 
2.107F  03 

2.  1 12E  03 
3.1725  03 

3.  1S5E  03 
3.  3885  03 
7 .686  E 03 
1.1 88F  OS 
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TABLE  B-2.  CONTAMINATION  LEVEL  DATA  FROM  TEST  ON  PUMP  NOS.  223B,  241 , AND  247. 
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TABLE  B-3.  CONTAMINATION  LEVEL  DATA  FROM  TEST  ON  PUMP  NO.  252. 
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FOREWORD 


This  report  presents  the  results  of  an  effort  to  develop  a complete  set  of  testing  procedures 
and  specifications  for  piston  pumps  which  would  be  industrially  acceptable  and  compatible  with 
U.S.  Army  MERDC  requirements.  The  effort  has  been  directed  toward  pressure  compensated 
piston  pumps  utilized  for  construction  and  earthmoving  equipment.  The  primary  emphasis  of 
tills  year’s  work  has  centered  about  the  development  and  verification  of  a contaminant  sensitivity 
test  for  such  pumps. 
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CHAPTER  I 


INTRODUCTION 


There  is  an  obvious  trend  in  the  fluid  power  industry  toward  the  greater  use  of  both  higher 
pressures  and  closed-center  systems.  The  higher  pressure  permits  the  transfer  of  power  with 
smaller  flow  rates  and  the  accompanying  smaller  line  sizes.  However,  higher  pressure  also  requires 
either  better  structural  materials  in  the  components  or  greater  wall  thickness;  thus,  the  actual 
net  benefit  is  the  subject  of  many  debates.  The  use  of  high  pressure  hydraulic  systems  is  forcing 
system  designers  toward  those  pumps  primarily  designed  for  such  conditions  - namely  piston 
pumps. 

The  trend  toward  closed-center  systems  necessitates  the  use  of  a variable  displacement  pump. 
In  the  past,  with  open-center  systems,  pump  flow  remained  constant,  and  the  power  which  was 
consumed  and  transferred  by  the  system  was  dependent  upon  the  load.  Open-center  systems 
utilize  a valve  type  which  permits  the  flow  that  is  not  directed  to  the  load  to  be  bypassed  back 
to  the  reservoir  or  to  some  other  part  of  the  system.  When  in  the  neutral  position,  the  direction- 
al control  valves  of  the  open-center  system  permit  the  output  of  the  pump  (which  only  depends 
upon  pump  displacement  and  speed)  to  circulate  back  to  the  reservoir  at  a very  low  pressure. 
However,  when  the  valve  is  actuated,  the  outlet  pressure  of  the  pump  is  dictated  by  the  load. 

In  the  closed-center  system,  the  directional  control  valves  are  designed  such  that  when  they 
are  in  the  neutral  position  all  flow  paths  are  blocked.  Thus,  it  is  necessary  to  utilize  a pump 
which  is  capable  of  regulating  its  displacement  in  accordance  with  the  demand  of  the  operator. 
This  is  normally  accomplished  with  a variable  displacement  pump  which  is  equipped  with  pres- 
sure compensation.  This  means  that  the  pump  is  automatically  regulated  to  attempt  to  main- 
tain a constant  pressure  until  its  maximum  displacement  is  reached.  There  are  two  types  of 
pumps  which  are  fabricated  in  the  variable  displacement  configuration  and  thus  can  be  equipped 


with  the  pressure  compensator  — vane  and  piston  pumps.  However,  piston  pumps  are  much 
more  prevalent  in  modern  high  pressure  hydraulic  systems. 

Since  it  is  probable  that  much  of  the  commercial  construction  machinery  will  incorporate 
both  liigher  pressure  and  the  closed-center  designs  in  the  near  future,  one  of  the  projects  of 
the  MFRDC-OSU  Program  was  directed  toward  a piston  pump  specification  effort.  This 
project  was  intended  to  take  maximum  advantage  of  the  experience  gained  through  previous 
specification  development  efforts  and  the  technical  expertise  and  background  of  the  fluid 
power  industry.  However,  due  to  economic  conditions,  industrial  participation  was  limited 
to  correspondence  and  test  pump  support. 

The  investigation  into  the  types  of  test  procedures  needed  to  specify  a piston  pump  led 
to  the  conclusion  that  there  are  eight  major  evaluation  methods  required.  The  following  is 
a listing  of  the  titles  of  these  test  methods: 


OS  U-PC- 1 
OSU-PC  2 
OS  U- PC-3 

OSU  PC  4 
OSU  PC  S 
OSU-PC-6 
OSU-PC-7 
OSU-PC-8 


Method  for  Evaluating  the  Structural  Integrity 

Method  for  Evaluating  the  Filling  Characteristics 

Method  for  Evaluating  the  Steady-State  Overall  Efficiency 
Characteristics 

Method  for  Establishing  the  Durability 

Method  for  Evaluating  the  Low  Speed  and  High  Speed  Performance 
Method  for  Evaluating  the  Low  Temperature  Performance 
Method  for  Establishing  the  Contaminant  Sensitivity 
Method  for  Evaluating  the  Dynamic  Response  Characteristics 


Of  these  eight  test  procedures,  four  of  them  can  be  taken,  with  slight  modification, 
from  the  previous  MERDC-OSU  effort,  which  was  directed  toward  fixed  displacement  pumps. 
Specifically,  the  four  procedures  are  OSU-PC-2,  OSU-PC-4,  OSU-PC-5,  and  OSU-PC-6.  Of  the 
remaining  four,  two  are  the  subject  of  work  being  conducted  by  the  pump  committee  of  the 
National  Fluid  Power  Association.  In  particular,  this  group  is  concerning  itself  with  “clean” 
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oil  performance  characteristics  ot  variable  displacement  piston  pumps  and  thus  have  limited 
their  ellorts.  at  this  time,  to  procedures  designated  OSU-PC-3  and  OSU-PC-8.  To  avoid  duplica- 
tion ol  etfort  and  still  accomplish  the  objective  of  developing  the  necessary  test  procedures 
for  evaluating  variable  displacement  piston  pumps,  the  MERDC-OSU  team  has  concentrated 
its  ellorts  on  OSU-PC-1  and  OSU-PC-7.  In  addition,  since  OSU-PC-1  is  essentially  a proof 
pressure  test  and  therefore  is  relatively  straightforward,  the  majority  of  the  activity  during  the 
past  contract  year  has  been  centered  about  the  evaluation  of  contaminant  sensitivity  — OSU- 
PC-7. 


In  general,  variable  displacement  piston  pumps  consist  of  two  separate  mechanisms.  One 
mechanism,  of  course,  is  the  pumping  elements  of  the  component,  while  the  other  is  associated 
with  the  technique  used  to  control  the  displacement  of  the  pump.  In  addition,  there  are  two 
major  types  of  pumping  mechanisms  commonly  found  today  in  high  pressure  variable  displace- 
ment piston  pumps.  The  most  abundant  is  the  axial  design  where  the  motion  of  the  reciprocat- 
ing piston  is  parallel  to  the  center  line  of  the  drive  shaft.  Somewhat  less  prevalent  but  still  widely 
used  is  the  radial  configuration  in  which  the  reciprocating  pistons  move  at  right  angles  to  the 
plane  of  the  input  shaft.  However,  the  end  user  of  the  pump,  the  machine  operator,  is  not  con- 
cerned with  the  type  of  pumping  mechanisms  used  nor  the  fact  that  two  separate  mechanisms 
are  involved.  His  one  and  only  concern  is  whether  or  not  the  pump  outputs  enough  controlled 
flow  to  operate  his  machine  properly. 

Earlier  attempts  to  evaluate  the  contaminant  sensitivity  of  variable  displacement  pumps 
included  two  separate  tests  — one  where  the  displacement  varying  mechanism  was  not  involved 
and  one  where  it  was  operational.  The  logic  behind  this  approach  was  to  evaluate  not  only  the 
contaminant  sensitivity  of  the  pumping  system  but  also  to  establish  which  of  the  mechanisms 
exhibited  the  most  contaminant  wear.  In  the  MERDC-OSU  effort,  however,  it  was  reasoned 
that  the  determination  of  the  most  sensitive  element  of  the  pump  was  not  as  important  as  the 
overall  contaminant  sensitivity.  Thus,  the  contaminant  sensitivity  test  for  variable  displacement 
piston  pumps  developed  during  the  past  year’s  effort  involves  the  exposure  of  both  the  pumping 
and  displacement  varying  mechanisms  to  the  contaminant  level  simultaneously. 
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This  report  presents  the  results  of  the  development  effort  on  specification  test  procedures 
for  variable  displacement  piston  pumps.  The  primary  objectives  of  this  project  were  to  deter- 
mine the  procedures  needed,  to  assess  the  appropriateness  of  existing  test  procedures,  to  deter- 
mine which  applicable  procedures  were  under  consideration  by  standards  making  bodies,  and 
to  develop  those  necessary  procedures  which  were  unavailable.  The  major  part  of  this  effort 
was  directed  toward  the  development  of  a rigorous  contaminant  sensitivity  test  procedure. 
While  all  intrinsic  procedures  are  discussed  in  this  report,  tests  were  conducted  only  to  verify 
the  contaminant  sensitivity  document.  The  results  of  these  tests  are  presented  along  with  an 
interpretation  and  conclusions. 
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CHAPTER  II 


INDUSTRIAL  LIAISON 

In  previous  specification  and  test  procedure  development  efforts  dealing  with  other 
hydraulic  components,  an  effective  and  efficient  approach  was  found  in  using  the  high  talent 
expertise  available  from  both  end-item  and  component  manufacturers  to  critique  and  guide  the 
effort.  In  this  approach,  the  MERDC-OSU  project  staff  would  utilize  current  procedures,  verbal 
guidance  from  industrial  sponsors  as  well  as  their  own  experience  and  creativity  to  compile  a 
preliminary  draft  of  each  necessary  test  procedure.  Two  meetings  would  then  be  called  to  critique 
the  effort.  One  of  these  meetings  would  consist  of  component  representatives  of  end-item  com- 
panies, while  the  other  involved  the  component  manufacturers’  people.  In  this  way,  the  MERDC- 
OSU  staff  would  be  given  a clear  picture  of  what  was  desired  and  also  what  could  be  expected. 

The  industrial  inputs  from  these  meetings  would  be  translated  into  appropriate  terms;  and,  if 
necessary,  the  test  procedure  would  be  modified.  When  revised  from  these  industrial  inputs, 
this  modified  test  procedure  would  be  considered  a test  verification  draft.  Participating  com- 
panies were  asked  to  supply  components  which  could  be  subjected  to  the  test  procedure.  The 
results  of  these  tests  along  with  the  revised  test  procedure  would  be  presented  to  the  industrial 
representatives  at  a second  round  of  technical  sessions.  The  inputs  from  this  set  of  meetings 
would  determine  if  additional  development  work  was  necessary. 

In  this  piston  pump  specification  effort,  a similar  approach  was  initiated.  A letter  was 
drafted  explaining  the  objectives  of  the  project  and  respectfully  asking  participation  from 
those  industrial  companies  which  had  some  knowledge  of  the  manufacturer  and  use  of  piston 
pumps.  The  letter  was  transmitted  to  16  end-item  company  representatives  who  had  supported 
such  efforts.  In  addition,  a similar  letter  was  sent  to  33  component  manufacturers.  The  initial 
set  of  industrial  meetings  were  set  up  for  the  1 2-15  May  of  1975  in  Arlington,  Virginia.  The 
response  from  industry  to  this  effort  was  quite  disappointing.  Of  the  16  end-item  companies 
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contacted,  only  three  indicated  that  they  would  have  technical  representatives  at  the  meeting. 
Furthermore,  only  four  the  33  component  companies  said  that  they  could  attend. 

The  vast  majority  of  the  industrial  companies  who  responded  to  the  request  to  participate 
in  this  effort  strongly  cited  economic  conditions  as  their  reason  for  not  attending  this  most 
important  initial  meeting.  While  they  urged  the  continuation  of  the  activity  and  asked  to  be 
kept  informed  of  the  progress  and  results,  these  companies  indicated  that  their  participation 
would  have  to  be  limited  to  correspondence  until  some  undefined  time  later  in  the  year. 

Based  upon  these  inputs,  the  decision  was  made  to  cancel  the  Arlington  meeting  and  rely  upon 
written  and  telephone  communications  as  well  as  company  visits  by  project  staff  to  obtain 
industrial  guidance. 


Trips  were  made  to  nine  of  the  industrial  companies  to  discuss  the  piston  pump  specifica- 
tion development  effort.  These  companies  were  all  manufacturers  of  end-item  machinery  and 
had  expressed  an  interest  in  the  test  procedure  development.  The  general  concensus  of  the 
conversations  during  these  visits  as  well  as  during  otner  communications  was  that  the  most 
important  test  procedure  needed  for  evaluating  pressure  compensated  piston  pumps  was 
associated  with  contaminant  sensitivity.  Therefore,  a concerted  effort  and  a major  portion  of 
the  project  activity  was  directed  toward  the  development  and  verification  of  a contaminant 
sensitivity  test  for  pressure  compensated  piston  pumps. 


The  pressure  compensated  piston  pump  contaminant  sensitivity  test  procedure  was 
written  based  upon  experience  gained  during  the  development  and  verification  of  the  contam- 
inant sensitivity  test  procedure  for  fixed  displacement  hydraulic  pumps.  In  addition,  the 
industrial  inputs  were  included  where  appropriate.  The  preliminary  procedure  was  then  sub- 
mitted to  interested  industrial  representatives  to  obtain  any  additional  inputs  and  opinions 
which  they  deemed  applicable.  Along  with  the  preliminary  test  procedure,  a request  was 
transmitted  asking  the  participating  companies  to  send  pressure  compensated  piston  pumps 
to  be  subjected  to  the  new  test.  In  all,  eight  pumps  were  received  from  four  industrial 
companies.  These  pumps  were  tested  per  the  test  procedure,  and  the  results  and  analysis  are 
contained  in  this  report. 
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CHAPTER  III 


PROCEDURE  DEVELOPMENT 


A pressure  compensated  piston  pump  is  defined  to  achieve  a variable  delivery  to  match 
the  needs  of  the  system  in  which  it  operates.  To  accomplish  this,  the  pump  actually  consists 
of  two  separate  systems,  usually  located  in  the  same  housing.  Therefore,  it  is  reasonable  to 
consider  testing  each  system  separately.  This  would  be  ideal  from  a component  manufacturers 
viewpoint  because  the  data  from  the  two  tests  would  pinpoint  problem  areas  more  explicitly. 
From  the  Army’s  standpoint,  a pressure  compensated  piston  pump  is  an  integral  unit  and 
should  be  evaluated  as  such.  This  would  certainly  save  testing  time,  since  it  would  not  be 
necessary  to  conduct  two  tests.  However,  it  may  be  difficult  to  determine  the  performance 
characteristics  of  the  pumping  system  exclusive  of  the  compensating  mechanism  and  vice  versa. 

All  of  the  test  procedures  included  in  this  report  are  designed  to  test  the  pressure  compen- 
sated piston  pumps  as  an  integral  unit.  In  addition,  the  two  procedures  under  study  by  the 
NFPA  Pump  Committee  are  also  intended  to  evaluate  the  entire  pump  assembly.  All  eight  of 
the  test  procedures  recommended  for  the  evaluation  of  pressure  compensated  piston  pumps 
are  discussed  separately  in  this  section  of  this  report  in  order  to  outline  the  basis  for  each. 

The  results  of  the  verification  effort  on  the  contaminant  sensitivity  procedure  are  included  in  a 
later  section. 


OSU-PC-1  METHOD  FOR  EVALUATING  THE  STRUCTURAL  INTEGRITY 

The  purpose  of  this  test  is  to  evaluate  the  physical  condition  of  the  pump  after  exposure 
to  an  above  normal  operating  condition.  In  a fixed  displacement  pump,  this  is  easily  accom- 
plished by  restricting  the  output  flow  until  the  desired  pressure  is  obtained.  It  is  common  to 
subject  such  pumps  to  130%  of  rated  pressure  in  this  test.  With  a pressure  compensated  piston 
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pump,  however,  the  flow  can  be  completely  blocked  without  achieving  more  than  rated  stand- 
by pressure.  To  overcome  this  factor,  a high  pressure,  low  flow  auxiliary  pump  is  used  to  attain 
a pressure  greater  than  rated. 

In  conducting  the  test,  the  pump  is  operated  at  rated  speed,  SO°C  inlet  oil  temperature, 
and  atmospheric  inlet  pressure.  As  shown  in  the  figure  which  accompanies  the  test  procedure 
in  Appendix  A,  the  output  of  the  auxiliary  pump  is  directed  into  the  outlet  line  of  the  test 
pump.  When  the  load  valve  is  partially  closed,  the  test  pump  will  go  to  zero  flow,  but  the 
auxiliary  pump  will  supply  sufficient  flow  to  reach  a value  of  1 30%  of  the  rated  standby  or 
zero  flow  pressure  of  the  test  pump.  A structural  failure  as  evidenced  by  external  leakage  is 
the  failure  criterion  for  this  test. 


OSU-PC-2  METHOD  FOR  EVALUATING  THE  FILLING  CHARACTERISTICS 

In  designing  any  hydraulic  system,  it  is  mandatory  that  the  inlet  line  to  the  pump  be 
fabricated  in  such  a manner  that  the  flow  is  not  unduly  restricted.  If  an  adequate  inlet  is  not 
provided,  the  pump  will  exhibit  what  is  commonly  called  cavitation,  where  the  pumping 
chamber  will  not  be  completely  filled  with  hydraulic  oil.  This  condition  can  cause  the  pump 
to  emit  an  excessive  noise  level  and  can  seriously  reduce  the  service  life.  In  this  test  procedure, 
filling  characteristic  is  defined  as  a feature  of  a fluid  power  pump  which  indicates  the  void 
volume  within  the  pumping  chambers  at  specified  operating  conditions.  In  a pressure  com- 
pensated piston  pump,  the  filling  characteristics  are  especially  important  because  a cavitating 
pump  will  exhibit  erratic  output  flow  and  pressure,  which  will  be  sensed  by  the  compensator 
causing  an  unstable  situation. 

During  the  test,  the  pump  is  operated  at  a discharge  pressure  of  35  bars,  inlet  pressure 
of  atmospheric  + 25  mm  Hg  and  at  manufacturer’s  recommended  inlet  temperature.  The 
pump  speed  is  varied  from  600  RPM  to  manufacturer’s  rated  speed,  and  the  output  flow  is 


recorded  to  establish  the  normal  speed  versus  flow  curve  of  the  pump.  Then,  the  inlet  pressure 
is  reduced  to  atmospheric  minus  25  mm  Hg,  while  the  pump  speed  is  maintained  at  the  rated 
value.  The  flow  rate  at  the  restricted  inlet  condition  is  recorded  as  an  indication  of  the  filling 
characteristics  of  the  test  pump.  Failure  to  emit  a specified  flow  rate  at  the  test  inlet  pressure 
is  considered  as  the  appraisal  criterion  for  the  test.  The  test  procedure  is  given  in  Appendix  A. 


OSU-PC-3  METHOD  FOR  EVALUATING  THE  STEADY-STATE  OVERALL  EFFICIENCY 
CHARACTERISTICS 

The  steady-state  performance  of  a pressure  compensated  piston  pump  is  an  important 
consideration  in  procurement.  In  general,  the  steady  state  characteristics  of  such  a pump  can 
be  typified,  as  shown  in  Fig.  3-1.  The  pump  will  remain  at  full  design  displacement  until  the 
pressure  is  increased  sufficiently.  As  the  pressure  is  increased  further,  the  displacement  and, 
hence,  the  output  flow  will  reduce.  The  shape  of  the  curve  as  shown  in  Fig.  3-1  will  be  re- 
flected in  the  performance  exhibited  by  a system  using  the  pump. 

The  Pump  and  Motor  Committee  of  the  National  Fluid  Power  Association  (NFPA)  is 
currently  developing  a test  procedure  which  will  provide  the  necessary  information  to  evaluate 
the  steady-state  performance  of  a pressure  compensated  pump.  The  document  being  generated 
by  this  group  includes  both  the  steady-state  performance  test  and  the  transient  or  dynamic 
response  characteristic.  The  MERDC-OSU  project  staff  recommend  that  these  two  evaluation 
tests  be  separated,  since  they  essentially  evaluate  the  unit  under  entirely  different  conditions. 
Therefore,  the  two  tests  carry  different  numbers  (OSU-PC-3  and  OSU-PC-8)  and  will  be 
discussed  separately  in  this  report.  The  NFPA  document  entitled  “Method  of  Testing  and 
Presenting  Basic  Performance  Data  for  Positive  Displacement,  Variable  Volume,  Pressure 
Compensated  Hydraulic  Fluid  Power  Pumps"  is  currently  at  the  first  draft  stage  in  the  Pump 
Committee  (Project  Group  T3.9.9.20). 
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Hg.  3-1.  Typical  Steady-State  Performance  of  a Gesture  Compensated  Piston  Pump. 

Essentially,  the  test  assesses  the  volumetric  displacement  of  the  unit  by  operating  at 
1000  RPM,  6.3  bar  output  pressure,  manufacturer’s  recommended  inlet  pressure,  and  record- 
ing the  outlet  flow  at  these  conditions.  Then,  with  the  compensator  blocked  or  set  high  enough 
so  as  to  present  no  interference, the  pump  is  tested  per  the  NFPA  procedure  for  fixed  displace- 
ment pumps  (T3.9. 1 7).  The  output  flow  and  power  input  at  various  outlet  pressures  are  measured. 
From  this  information,  the  overall  efficiency  and  volumetric  displacement  of  the  pump  mechanism 
can  be  evaluated. 
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The  steady-state  characteristics  are  assessed  using  three  different  shaft  speeds  and  three 
different  compensator  settings  at  each  shaft  speed.  The  test  procedure  calls  for  output  flow 
versus  output  pressure  to  be  recorded  for  both  increasing  and  decreasing  values  of  output 
pressure.  The  test  schedule  as  laid  out  by  NFPA  calls  for  30  data  points  to  be  taken  in 
evaluating  the  steady-state  pressure  compensator  characteristics.  Since  data  points  are  recorded 
with  increasing  and  decreasing  pressure,  sufficient  information  is  available  to  evaluate  the  hy- 
steresis of  the  compensating  mechanism. 


OSU-PC-4  METHOD  FOR  ESTABLISHING  THE  DURABILITY 

’ Service  life  of  hydraulic  components  is  determined  by  two  factors.  One  factor  is  the 
contamination  level  of  the  system  and  is  considered  in  OSU-PC-7.  The  other  aspect  is  associated 
with  the  fatigue  characteristics  of  the  materials  of  the  component  and  is  normally  appraised  by 
a test  which  subjects  the  component  to  a cyclic  pressure.  The  peak  value  of  pressure  wave  for 
the  normal  durability  test  is  1 1 5%  of  rated  pressure.  However,  due  to  the  manner  of  operation 
of  a pressure  compensated  pump,  the  standby  or  zero  flow  pressure  cannot  be  conveniently 
exceeded. 

The  durability  test  proposed  for  pressure  compensated  piston  pumps  is  included  in  the 
appendix.  In  this  test,  the  system  fluid  is  maintained  at  a low  contamination  level  to  prevent 
the  possibility  of  contaminant  wear.  The  test  pump  is  operated  at  the  manufacturer’s  rated 
speed  and  recommended  inlet  oil  temperature.  With  the  inlet  pressure  maintained  at  atmos- 
pheric, the  outlet  pressure  is  cycled  from  5 to  100%  of  standby  or  dead-head  pressure,  which 
of  course  means  that  the  flow  rate  also  cycles  from  full  to  zero.  The  cycle  rate  is  60  cycles/ 
minute  with  at  least  1/2  of  the  cycle  time  tr  be  at  100%-  pressure.  The  test  specified  this  cycle 
to  be  repeated  500,000  times. 

I 

In  addition  to  the  cycle  test,  the  procedure  also  calls  for  a constant  pressure  test  for  an 
equivalent  of  50  hours.  The  value  of  the  pressure  during  this  test  is  75%  of  standby  or  dead-head 


VII-11 


pressure.  The  logic  behind  this  portion  of  the  test  lies  in  the  fact  that  during  constant  pressure 
operation  the  bearings,  shaft,  etc.  are  continuously  loaded  in  one  direction.  Thus,  the  support- 
ing and  rotating  elements  of  the  pump  will  receive  more  stress  cycles  at  constant  pressure  than 
during  the  variable  pressure  requirement. 


OSU-PC-5  METHOD  FOR  EVALUATING  THE  LOW  SPEED  AND  HIGH  SPEED 
PERFORMANCE 

In  mobile  construction  machinery,  the  pump  of  a hydraulic  system  is  normally  driven  by 
a reciprocating  engine.  Since  this  type  of  engine  does  not  operate  at  constant  speeds,  it  is 
necessary  to  evaluate  the  characteristics  of  the  hydraulic  pump  when  it  is  subjected  both  to 
low  and  high  speed  operation.  To  accomplish  such  an  evaluation  the  pump  is  tested  at  a dis- 
charge pressure  of  75%  of  standby  and  at  speeds  of  600  RPM  and  1 15%  of  rated  speed.  Both 
the  pump  speed  and  discharge  pressure  are  recorded  versus  time.  The  failure  criterion  is  any 
erratic  behavior  or  external  leakage. 

OSU-PC-6  METHOD  FOR  EVALUATING  THE  LOW  TEMPERATURE  PERFORMANCE 

When  hydraulic  systems  are  required  to  operate  in  cold  climates,  the  low  temperature 
performance  characteristics  of  the  pump  must  be  considered.  This  test  procedure  is  designed 
to  verify  the  ability  of  a pressure  compensated  piston  pump  to  withstand  low  temperature 
operation  and  perform  satisfactorily  at  specified  conditions  of  speed  and  discharge  pressure. 

In  order  to  accomplish  this  verification,  the  test  procedure  requires  the  use  of  a cold  room 
capable  of  maintaining  an  air  temperature  of  -30° C.  Since  the  hydraulic  test  system  as  well 
as  the  pressure  compensated  pump  must  be  lowered  to  this  temperature,  the  volume  of  the 
test  system  is  limited  to  one-half  the  output  flow  of  the  pump.  This  helps  to  reduce  the  size 
of  the  cold  room  necessary  for  the  test. 
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The  pump  and  hydraulic  system  are  subjected  to  the  -30° C environment  for  a period  of 
1 2 hours  prior  to  testing.  The  pump  is  then  operated  according  to  a temperature  schedule 
developed  through  industrial  guidance  for  fixed  displacement  pumps.  The  complete  test 
procedure  is  included  in  Appendix  A of  this  report.  To  document  the  test  condition, 
pressure,  temperature,  and  speed  are  all  recorded  with  respect  to  time.  Erratic  operation  and 
external  leakage  are  used  as  test  criteria  in  this  procedure. 


OSU-PC-7  METHOD  FOR  ESTABLISHING  THE  CONTAMINANT  SENSITIVITY 

The  life  of  a pressure  compensated  piston  pump  is  considered  to  be  terminated  when  it 
no  longer  delivers  a specified  flow  rate  at  a given  shaft  speed,  discharge  pressure,  and  fluid 
condition  or  when  the  standby  pressure  changes  by  a specified  amount.  The  pump  may 
reach  the  terminal  state  due  to  catastrophic  (mechanical  interference  or  material  overstress) 
failure  or  by  the  cumulative  effect  of  wear  processes.  The  wear  rate  within  a pressure  com- 
pensated piston  pump  is  proportional  to  the  contamination  level  of  the  hydraulic  fluid  expos- 
ed to  the  internal  surfaces  of  the  pump.  This  test  procedure  is  designed  to  evaluate  the 
contaminant  wear  characteristics  of  such  pumps. 

Since  a pressure  compensated  pump  represents  two  different  mechanisms,  the  test  is 
conducted  in  such  a way  as  to  evaluate  both  the  pumping  mechanism  and  the  compensating 
valves.  Any  contaminant  wear  of  the  surfaces  which  form  the  critical  clearance  spaces 
(leakage  paths)  of  the  pressure  compensated  piston  pump  will  be  accompanied  by  a measur- 
able degradation  in  its  delivered  flow  rate.  In  addition,  any  critical  wear  associated  with  the 
compensating  parts  of  the  pump  will  be  reflected  by  a change  in  the  standby  or  zero  flow 
pressure  measurement.  Based  upon  these  considerations,  pressure  and  flow  degradation 
ratios  are  used  in  this  test  to  establish  the  contaminant  sensitivity  of  a pressure  compensated 
piston  pump.  Both  of  these  parameters  can  be  determined  from  the  results  of  only  one 
contaminant  test  on  the  pump. 
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Essentially,  the  test  consists  of  operating  the  pump  at  rated  speed.  The  volume  of  the 
system  is  adjusted  to  be  numerically  equal  to  one-fourth  the  flow  rate  measured  at  67%  of 
standby  pressure.  The  pressure  of  the  test  pump  is  adjusted  to  achieve  a flow  rate  equal  to 
0.5  of  the  rated  flow  (measured  at  the  67%  standby  pressure  point).  The  pump  is  subjected 
to  a 300  mg/litre  level  of  various  size  ranges  of  contaminant  classified  from  AC  Fine  Test 
Dust  (0-5,  10,  20,  30,  40,  50,  60,  70,  and  80  micrometres).  The  test  procedure  specifies 
that  the  flow  be  recorded  at  67%  of  standby  and  the  actual  value  of  standby  pressure  be 
recorded  after  each  contaminant  exposure.  However,  during  the  verification  test  conducted 
per  this  procedure,  sufficient  flow-pressure  data  were  recorded  after  each  injection  to  define 
the  entire  curve. 


The  next  section  of  this  report  contains  the  results  of  the  verification  tests  run  on  the 
pressure  compensated  piston  pumps  supplied  by  participating  industrial  companies.  In 
addition,  the  detailed  contaminant  sensitivity  test  procedure  is  included  in  Appendix  A of 
this  report. 


OSU-PC-8  METHOD  FOR  EVALUATING  THE  DYNAMIC  RESPONSE  CHARACTERISTICS 


This  test  procedure  is  a second  part  of  the  effort  by  the  Pump  Committee  of  the  National 
Fluid  Power  Association.  Since  a pressure  compensated  pump  is  expected  to  maintain  a relative- 
ly constant  output  pressure  when  subjected  to  rapidly  changing  loads,  its  transient  performance 
is  of  utmost  importance  in  system  response.  To  evaluate  the  dynamic  performance  of  the  test 
pump,  a manual  shut-off  valve  and  a rapid  shut-off  valve  are  installed  in  the  outlet  line  from 
the  pump.  The  manual  valve  is  adjusted  to  achieve  an  outlet  pressure  of  75%  of  standby  or 
dead-head  pressure.  Then,  the  rapid  shut-off  valve  is  cycled  on  and  off  while  a pressure  versus 
time  recording  is  made. 


From  the  pressure  data  taken  during  the  test,  it  is  possible  to  assess  the  response  time, 
recovery  time,  the  pressure  overshoot,  the  pressure  undershoot,  and  the  decay  time  associated 
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with  the  pump.  The  response  time  and  the  pressure  overshoot  of  a pressure  compensated  pump 
are  defined  by  the  NFPA  document  as  shown  in  Fig.  3-2.  Fig.  3-3  shows  the  definition  of  the 
recovery  time  and  the  pressure  undershoot  while  Fig.  3-4  illustrates  the  meaning  of  decay  time. 
All  of  these  values  are  determined  in  a clean  oil  environment  to  prevent  interference  by 
contaminants. 
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Fig.  3-2.  Response  of  s Pressure  Compensated  Pump. 
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Fia.  3-4.  Pressure  Transient  Decay  of  a Pressure  Compensated  Pump. 
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CHAPTER  IV 
VERIFICATION  TESTS 


Based  upon  the  industrial  guidance  obtained  during  this  effort,  the  contaminant  sensitivity 
test  was  considered  the  most  critical  and  undeveloped  of  the  eight  test  procedures  for  pressure 
compensated  piston  pumps.  At  the  beginning  of  this  activity,  the  results  from  only  three  con- 
taminant tests  had  been  reported  for  this  type  of  pump  [11.  These  three  pumps  had  different 
pumping  displacements  but  were  all  of  the  same  design.  Two  tests  were  conducted  on  each 
pump  - one  with  the  compensator  blocked  and  one  with  the  compensator  active.  These  results 
were  not  completely  satisfactory,  and  it  was  obvious  that  more  development  work  on  the  pro- 
cedure was  necessary.  Therefore,  the  verification  testing  accomplished  during  this  activity  was 
centered  about  contaminant  sensitivity. 

In  all,  eight  pressure  compensated  piston  pumps  were  received  from  four  different  parti- 
cipants. Two  of  the  participating  companies  furnished  two  pumps  each  - one  furnished  three 
pumps  and  one  supplied  one  pump  - making  a total  of  eight.  For  identification  purposes,  the 
pumps  will  be  labeled  Al,  A2,  B1 , B2,  B3,  Cl , C2,  and  D,  where  the  letter  indicates  the 
supplier,  and  the  number  refers  to  additional  pumps  of  identical  design  from  the  same  company. 

Figs.  4-1  through  4-5  graphically  illustrate  the  flow  pressure  data  obtained  during  the 
contaminant  tests  on  five  typical  pumps.  During  the  testing  phase,  it  was  found  necessary  to 
modify  the  test  procedure  slightly  from  the  first  draft.  Initially,  the  procedure  specified  that 
the  test  system  volume  should  be  numerically  equal  to  one-eight  of  the  pump  flow  measured 
at  75%  of  standby  pressure.  During  testing,  it  was  discovered  that  this  volume  could  not  be 
achieved  with  all  pumps;  therefore,  the  volume  requirement  was  changed  to  be  numerically 
equal  to  one-fourth  the  rated  flow.  In  addition,  it  was  found  that  some  pumps  began  compen- 
sating before  75%  of  standby  pressure,  and  it  was  necessary  to  take  the  flow  reading  at  67% 
of  the  dead-head  pressure. 
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PiC.  4-3.  Flow  Versus  Pressure  Curves  from  Pump  B3. 


Fig.  4-1  shows  the  flow  ratio  versus  the  pressure  ratio  for  Pump  Al.  It  should  be  noted 
from  this  figure  that,  while  the  flow  ratio  decreased  from  contaminant  exposure,  the  pressure 
ratio  actually  increased.  The  results  of  Pump  B2  are  shown  in  Fig.  4-2,  and  those  of  Pump 
B3  are  shown  in  Fig.  4-3.  The  difference  between  these  two  tests  is  that  Pump  B2  was  run 
at  the  one-eighth  volume,  while  Pump  B3  was  tested  at  the  one-fourth  volume.  Pumps  B2  and 
B1  were  the  only  pumps  tested  with  the  system  volume  numerically  equal  to  one-eighth  of 
rated  pump  flow.  It  can  be  seen  by  comparing  the  test  results  from  Pumps  B2  and  B3  that  the 
test  is  more  severe  with  the  larger  volume.  This  is  because  there  are  more  total  particles  present 
when  the  larger  volume  is  used,  even  though  the  contamination  level  is  the  same  (300  mg/litre). 
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Fig.  4-4.  Flow  Versus  Pressure  Curve  from  Pump  C2. 

Fig.  4-4  graphically  shows  the  results  from  the  contaminant  sensitivity  test  on  Pump  C2. 

It  should  be  noted  from  the  curves  in  Fig.  4-4  that  this  pump  began  compensating  below  75% 
of  the  standby  pressure.  This  result  necessitated  a change  in  the  test  procedure  to  require  that 
the  flow  after  contaminant  exposure  be  measured  at  67%  instead  of  the  75%  point,  as  originally 
stated.  In  addition,  it  can  be  seen  from  Fig.  4-4  that,  when  the  test  reached  the  0-40  micro- 
meter injection,  the  compensator  apparently  ceased  to  function,  and  the  pump  acted  as  if  it 
were  of  the  fixed  displacement  type.  Fig.  4-5  shows  the  flow  versus  pressure  results  from 
Pump  D.  The  compensator  on  this  pump  apparently  malfunctioned  on  the  0-50  micrometre 
injection.  However,  contrary  to  the  pump  shown  in  Fig.  4-4,  Pump  D exhibited  a loss  of  flow 
when  the  malfunction  occurred. 

Even  though,  in  these  verification  tests,  the  entire  flow-pressure  curve  of  the  test  pump 
was  evaluated  for  each  contaminant  exposure,  it  is  felt  that  the  contaminant  sensitivity  of  a 
pressure  compensated  pump  can  be  assessed  from  two  characteristics.  The  flow  degradation 
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ratio  calculated  from  data  taken  at  a pressure  of  67%  of  the  measured  dead-head  pressure 
will  provide  information  relative  to  deterioration  of  the  pumping  mechanism.  Also,  the  pres- 
sure ratio  defined  as  the  standby  pressure  will  indicate  a change  in  the  compensator.  Tables 
4-1  through  4-8  are  summaries  of  the  data  as  required  by  the  test  procedure  for  all  eight  pumps 
tested.  Since  the  first  draft  of  the  test  procedure  specified  a flow  reading  at  75%  of  standby 
pressure  and  later  revisions  changed  this  to  67%,  both  flow  readings  are  given  in  the  tables. 

The  nomenclature  used  in  these  tables  is  as  follows: 
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TABLE  4-2 


SUMMARY  OF  DATA  FOR  PRESSURE  COMPENSATED  PISTON  PUMP 

Pump  I D.:  FPRCNQ.2S6  “A2"  Speed:  2400  RPM 

Fluid:  M1UC2104  CL  10  Temperature:  6S.S°C 

System  Volume:  21.6  g Grams  Injected:  6.SIINI. 


Particle  Size 
Range  (jiM) 

Pressure  @ 
Zero  Flow 
(bar) 

P/P, 

Q.76 

(LPM) 

Q/Q.7BR 

Q.67 

(LPM) 

Q/Q.67R 

Rated 

206.9 

— 

86.3 

— 

86.7 

— 

0-5 

205.2 

0.992 

86.3 

1.000 

86.7 

1.000 

0-10 

205.5 

0.993 

85.2 

0.987 

86.7 

1.000 

0-20 

205.9 

0.995 

84.8 

0.982 

86.3 

0.996 

0-30 

248.3 

1.200 

81.4 

0.943 

83.3 

0.961 

0-40 

213.8 

1.033 

80.3 

0.930 

81.8 

0.943 

0-50 

220.3 

1.065 

77.6 

0.899 

78.7 

0.908 

0-60 

231.7 

1.120 

76.1 

0.882 

77.6 

0.895 

0-70 

233.1 

1.127 

73.1 

0.846 

75.7 

0.873 

s 

1 


] 
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TABLE  4-3 


SUMMARY  OF  DATA  FOR  PRESSURE  COMPENSATED  PISTON  PUMP 


Pump  I D.:  FPRC  NO.  253  “Bl’ 

Fluid:  MILL-2104  CL.  10 


Speed: 


2200  RPM 


Temperature:  6S.5°C 


System  Volume:  12.78 


Grams  Injected:  3.8/1NJ. 


h 


TABLE  4-4 

SUMMARY  OF  DATA  FOR  PRESSURE  COMPENSATED  PISTON  PUMP 


Pump  I D.:  FPRC  NO.  254  “B2”  Speed:  2200  RPM 

Fluid:  M1L-L-2104  CL  10 Temperature:  6S.S°C 

System  Volume:  12.5  g Grams  Injected:  3.8/1NJ. 


Particle  Size 
Range  (//M) 

Pressure  @ 
Zero  Flow 
(bar) 

P/P, 

Q.75 

(LPM) 

Q/Q.75R 

Q.67 

(LPM) 

Q/Q.67R 

Rated 

165.5 

— 

100.3 

— 

100.7 

— 

0-5 

163.4 

0.988 

100.3 

100.7 

0-10 

162.1 

0.979 

100.3 

100.7 

0-20 

155.5 

0.940 

100.3 

uuni 

100.7 

| 

0-30 

150.7 

0.910 

100.3 

1 1 

100.7 

0-40 

147.2 

0.890 

100.3 

100.7 

0-50 

142.4 

wm 

99.2 

0.989 

99.6 

0.989 

0-60 

138.6 

0.838 

98.4 

0.981 

98.8 

0.981 

0-70 

133.8 

0.808 

93.5 

0.932 

95.0 

0.944 

0-80 

127.2 

0.769 

6.8 

0.068 

66.2 

0.658 

TABLE  4-5 


SUMMARY  OF  DATA  FOR  PRESSURE  COMPENSATED  PISTON  PUMP 

Pump  I D.:  FPRC  NO.  260  “B3" Speed:  2200  RPM 

Fluid:  M1DL2104  CL.  10 Temperature:  65.5  GPM 

System  Volume:  25.5  8 Grams  Injected:  7,6/INJ, 


Particle  Size 
Range  ( pM) 

Pressure  @ 
Zero  Flow 
(bar) 

P/P, 

Q.76 

(LPM) 

Q/Q.75R 

Q.67 

(LPM) 

Q/Q.67R 

Rated 

165.5 

— 

101.8 

— 

102.2 

— 

0-5 

144.8 

0.875 

101.8 

1.000 

102.2 

1.000 

0-10 

152.4 

0.921 

101.8 

1.000 

102.2 

1.000 

0-20 

151.7 

0.917 

101.8 

1.000 

102.2 

1.000 

0-30 

144.8 

0.875 

101.8 

1.000 

102.2 

1.000 

0-40 

122.8 

0.742 

0.0 

0.000 

81.8 

0.800 

0-50 

0-60 

0-70 

0-80 

TABLE  4-6 


SUMMARY  OF  DATA  FOR  PRESSURE  COMPENSATED  PISTON  PUMP 

Pump  I D.:  FPRC  NO.  258  “Cl" Speed:  2300  RPM 

Fluid:  M1L-C2104  CLIO Temperature:  6S.5°C 

System  Volume:  49.7  8 Grams  Injected:  I4.9/1NJ.  


Particle  Size 
Range  (pM) 

Pressure  @ 
Zero  Flow 
(bar) 

P/P, 

Q.76 

(LPM) 

Q/Q.7SR 

Q.67 

(LPM) 

Q/Q.67R 

Rated 

173.1 

— 

198.7 

— 

199.5 

— 

0-5 

174.8 

1.010 

197.6 

0.994 

199.1 

0.998 

0-10 

173.4 

1.002 

197.2 

0.992 

199.1 

0.998 

0-20 

172.4 

0.996 

193.4 

0.973 

195.7 

0.981 

0-30 

* 

171.5 

0.863 

179.4 

0.899 

O-tO 

0-50 

0-60 

0-70 

0-80 

•Compensator  stuck;  maximum  pressure  » 200  bars. 


u 
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TABLE  4-8 

SUMMARY  OF  DATA  FOR  PRESSURE  COMPENSATED  PISTON  PUMP 


Pump  I D.  : FPRC  NO.  2S7  “D” 

Fluid:  M1CL-2104  CL  10 

System  Volume:  21.6  8 


Speed:  2400  RPM 

Temperature:  65.  fc 

Grams  Injected:  6.5 /Iti], 


Particle  Size 
Range  (/iM) 


Pressure  @ 
Zero  Flow 
(bar) 

P/Pr 

Q.75 

(LPM) 

170.3 

— 

86.3 

163.8 

0.962 

85.9 

157.6 

0.925 

82.9 

151.7 

0.891 

82.1 

142.4 

0.836 

70.0 

135.2 

0.794 

55.6 

13.8 

0.081 

46.2 

^.67  Q/Q.  67R 

(LPM) 


86.3  

86.3  1.000 

83.7  0.969 

83.3  0.965 

72.3  0.838 

59.4  0.689 

51.9  0.601 
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PRESSURE  @ ZERO  FLOW  = STANDBY  PRESSURE  MEASURED  INITIALLY 

AND  AFTER  EACH  CONTAMINANT 
INJECTION 


P/P  - the  standby  pressure  after  each  contaminant  exposure  divided  by 
tlie  measured  rated  standby  pressure 

Q.7»'  flow  rate  measured  at  75%  of  standby  pressure 

Q.6  7 ~ flow  rate  measured  at  67%  of  standby  pressure 


Q/Q.76  and  Q/Q.B7  = pLOW  DEGRADATION  RATIO  FROM  THE  FLOW 
INFORMATION  OBTAINED  AT  75%  AND  67% 

OF  STANDBY  PRESSURE  RESPECTIVELY 


The  pressure  ratio  data  shown  in  Table  4-1  through  4-8  are  graphically  illustrated  in  Fig. 
4-6.  In  viewing  Fig.  4-6,  it  should  be  noted  that  A1  and  A2  are  " identical " pumps  tested 
under  the  same  conditions  and  show  excellent  repeatability,  as  do  Cl  and  C2  and  B1  and  B2. 

The  volume  change  explained  previously  was  made  after  testing  pumps  B1  and  B2.  Therefore, 
while  B2  is  the  same  pump  as  B 1 and  B2,  the  test  conditions  are  different.  Pumps  A1 , A2, 

B3,  Cl,  C2,  and  D were  all  tested  at  the  higher  volume  requirement.  It  was  decided  to  conduct 
the  test  on  Pump  B3  to  demonstrate  the  effect  of  the  volume  change.  It  should  be  noted  that 
the  pressure  ratio  on  Pumps  Cl  and  C2  gets  very  large  at  0-30  and  0-40  respectively.  This  is 

because  both  of  these  pumps  failed  to  limit  the  pressure  at  all  when  a compensator  malfunction 
occurred. 

The  flow  degradation  ratio  versus  contaminant  size  range  injected  is  shown  in  Figs.  4-7 
and  4-8  for  75%  standby  and  67%  standby  pressure  respectively.  Since  the  rated  value  of  flow 
which  was  used  to  normalize  the  data  was  actually  measured  during  the  test,  there  is  little 
difference  between  these  two  figures.  However,  in  some  cases,  the  75%  point  is  very  close  to 

the  pressure  where  the  compensator  becomes  active;  thus,  the  flow  measurement  at  67%  of  stand- 
by is  recommended. 
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The  results  of  a contaminant  sensitivity  test  on  a pressure  compensated  piston  pump  do 
not  need  special  interpretation  in  order  to  gain  an  appreciation  for  the  information.  The  fact 
that  the  pressure  ratio  or  flow  ratio  changes  as  the  pump  is  exposed  to  various  contaminant 
environments  is  sufficient  to  evaluate  the  deleterious  influence  of  particulate  contaminants. 
However,  to  satisfy  the  objectives  of  different  factions  of  the  fluid  power  industry,  the  Fluid 
Power  Research  Center  has  developed  a method  for  describing  the  contaminant  wear  tolerance 
[2,31. 


Since  there  are  two  performance  parameters  - flow  ratio  and  pressure  ratio  - there  are 
three  contaminant  tolerance  profiles  which  can  be  calculated  from  the  test  data.  One  profile 
is  based  upon  the  degradation  in  flow  measured  at  67%  of  standby  pressure  and  can  be  deter- 
mined as  detailed  in  Ref.  [21.  The  second  tolerance  profile  is  based  upon  the  absolute  value 
of  the  standby  pressure  changes  calculated  as  given  in  Ref.  [3J.  The  third  profile,  of  course. 
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is  a composite  of  the  other  two  and  probably  describes  the  pump  most  accurately.  The  1000 
hour  contaminant  tolerance  profiles  are  shown  in  Figs.  4-9  through  4-13  for  Pumps  Al,  B2, 
B3,  C2,  and  D. 
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Fig.  4-9.  Contaminant  Tolerance  Profile  for  Pump  Al. 

In  discussing  the  1000-hour  profiles,  it  should  be  noted  that,  in  ail  cases,  the  compensator 
exhibited  a greater  sensitivity  than  the  pumping  mechanisms,  although  in  some  cases  the  differ- 
ence is  difficult  to  see.  For  example,  in  the  case  of  Pumps  B2  and  B3,  which  were  tested  at 
different  system  volumes,  the  profile  of  the  pump  is  considerably  higher  than  that  of  the 
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Fig.  4*10.  Contaminant  Tolerance  Profile  for  Pump  B2. 

compensator.  On  the  other  hand,  in  the  case  of  Pump  C2,  it  is  very  difficult  to  separate  the 
sensitivity  of  the  two  mechanisms  from  the  data  observed.  Since  the  interpretation  as  provided 
by  the  profiles  is  somewhat  subjective  in  nature,  it  is  recommended  that  the  flow  and  pressure 
ratio  curves,  as  shown  in  Figs.  4-6  and  4-8,  be  used  for  specification  purposes. 
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CHAPTER  V 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  of  this  effort  have  shown  that  a single  contaminant  sensitivity  test  for  a 
pressure  compensated  piston  pump  is  indeed  practical.  This  is  an  important  conclusion,  since 
previous  efforts  to  test  this  type  of  pump  have  included  a two-part  test  where  the  pumping 
mechanism  was  tested  first  and  then  the  pump  and  compensator  were  tested  together.  The 
two-part  test  requires  at  least  twice  as  much  testing  time  and  does  not  provide  an  appreciable 
amount  more  information.  In  addition,  when  used  in  a system,  the  pump  and  compensator 
are  a single  entity,  and  their  performance  as  such  is  of  greatest  concern. 


Another  important  fact  which  came  out  of  this  effort  is  associated  with  the  manner  in 
which  the  pump  responds  when  faced  with  a compensator  malfunction.  From  a system 
standpoint,  it  is  more  desirable  for  the  pump  outlet  flow  to  go  to  zero  when  the  compensator 
jams.  However,  as  can  be  seen  from  the  data  presented,  this  is  not  the  case  with  all  pump 
designs.  A closed-center  system  when  equipped  with  a pump  which  exhibits  the  characteristics 
of  a fixed-displacement  type  upon  compensator  malfunction  must  also  be  equipped  with  a 
relief  valve  to  prevent  overpressurization. 

It  is  felt  that  the  data  obtained  to  date  have  demonstrated  the  repeatability  of  the  test 
procedure  drafted.  In  addition,  the  results  from  the  eight  tests  have  shown  that  the  contamin- 
ant sensitivity  test  will  certainly  discriminate  between  various  designs  of  pressure  compensated 
piston  pumps.  No  tests  were  conducted  on  the  other  seven  test  procedures  which  are  needed 
to  fully  evaluate  such  pumps.  However,  many  of  them  are  basically  the  same  as  those  used  on 
fixed  displacement  pumps,  and  others  are  being  drafted  by  recognized  standards-making  bodies 
It  is  recommended,  however,  that  personnel  from  the  MtRDC-OSU  team  continue  to  be  a part 
of  the  effort  to  draft  the  steady-state  and  dynamic  performance  tests  being  pursued  by  Nf  PA 
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It  is  unfortunate  that  the  economic  conditions  of  the  fluid  power  industry  did  not  permit 
a greater  participation.  While  many  companies  expressed  a desire  to  actively  contribute  and 
some  did  participate  by  donating  pumps  to  the  program,  the  overall  response  was  somewhat 
disappointing.  It  is  felt  that,  once  these  procedures  are  introduced  into  the  activities  of  the 
cognizant  standards  organizations,  the  time  will  be  right  for  a full-fledged  industrial  program, 
which  is  necessary  to  gain  the  desired  commercial  support.  However,  the  test  procedures 
developed  and  the  test  data  acquired  should  certainly  provide  the  U.S.  Army  with  the  basis 
for  an  effective  procurement  specification  when  it  is  needed. 
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TESTING  PRESSURE  COMPENSATED  HYDRAULIC  FLUID  POWER  PUMPS 
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METHOD  FOR  EVALUATING  THE  STRUCTURAL  INTEGRITY 
OF  A PRESSURE  COMPENSATED  HYDRAULIC  FLUID  POWER  PUMP 


1.  SCOPE  To  provide  a method  for  determining  the  structural  integrity  of  a pressure 
compensated  hydraulic  fluid  power  pump. 

2.  PURPOSE  To  verify  the  ability  of  a fluid  power  pump  to  maintain  its  structural 
integrity  when  subjected  to  a specified  discharge  pressure,  shaft  speed,  and  test 
duration. 

3.  DEFINITION 

3.1  Structural  Integrity  The  physical  condition  of  a component  after  exposure  to  an 
above  normal  operating  condition. 

4.  EQUIPMENT 

4.1  Fluid  Power  Test  System  (See  attached  figure.)  The  high  pressure,  low  flow 
auxiliary  pump  is  utilized  to  supply  pressure  at  the  main  pump  outlet  in  excess  of 
the  rated  pressure. 

4.2  Hydraulic  Fluid  Per  manufacturer’s  recommendation. 

4.3  Control  Filter  Shall  limit  the  contamination  level  in  the  system  fluid  to  less  than 
10  mg/litre. 

4.4  Pressure,  temperature,  and  shaft  speed  measurements  shall  be  accurate  within  2%. 

5.  PROCEDURE 

5.1  Install  the  pump  in  the  test  system  and  operate  under  the  following  conditions  for 

not  less  than  60  seconds  or  more  than  70  seconds: 

(a)  Speed.  Manufacturer’s  Maximum  Rated  Speed 

(b)  Inlet  Oil  Temperature:  50°C 

(c)  Inlet  Pressure:  Atmospheric  + 25  mm  Hg 

(d)  Discharge  Pressure:  1 30$  of  Rated  Standby  or  Zero  Flow  Pressure 
(Obtain  130$  pressure  by  utilizing  the  auxiliary  pump  and  relief  valve.) 
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METHOD  FOR  EVALUATING  THE  FILLING  CHARACTERISTICS 
OF  A PRESSURE  COMPENSATED,  HYDRAULIC  FLUID  POWER  PUMP 


1.  SCOPE  To  provide  a method  for  determining  the  filling  characteristics  of  a 
pressure  compensated,  hydraulic  fluid  power  pump. 

2.  PURPOSE  To  verify  the  ability  of  a fluid  power  pump  to  deliver  a specified 
(low  rate  when  operating  at  rated  speed,  a reduced  discharge  pressure,  and 
specified  inlet  pressure,  temperature,  and  system  fluid. 

3.  DEFINITION 


3.1  Filling  Characteristic  A feature  exhibited  by  a fluid  power  pump  which  indicates 
the  void  volume  within  the  pumping  chambers  at  specified  operating  conditions. 

4.  EQUIPMENT 


4.1  Fluid  Power  Test  System  (See  Fig.  1.) 

4.2  Fluid  Per  Manufacturer’s  Recommendation 


Control  Filter  Shall  limit  the  contamination  level  in  the  system  fluid  to  less  than 
1 0 mg/litre. 


! 


4.4  Pressure,  temperature,  shaft  speed,  and  flow  rate  measurements  shall  be  accurate 
within  2%. 

5.  PROCEDURE 

5. 1 Install  the  pump  in  the  test  system  and  operate  under  the  following  conditions: 

(a)  Inlet  Pressure : Atmospheric  + 25  mm  Hg 

(b)  Inlet  Temperature:  Per  Manufacturer’s  Recommendation 

(c)  Discharge  Pressure:  35  bar 

5.2  Vary  the  pump  speed  from  600  RPM  to  manufacturer’s  rated  speed  and  record  the 
flow  rate  shaft  speeds  of  600  RPM.  50%  rated,  75%  rated,  85%  rated,  90%  rated, 
and  at  100%  rated  speed. 


5.3  At  rated  speed,  reduce  the  inlet  pressure  to  atmospheric  minus  25  cm  Hg  and 


record  the  flow  rate 


Plot  flow  rate  versus  pump  speed  and  indicate  the  flow  rate  at  the  reduced  inlet 
pressure,  as  shown  in  Fig.  2. 


INTERPRETATION 


Using  the  test  data,  complete  Table  I. 


Calculate  .he  best  fit  (least  squares)  How  rate  (QB ) for  each  speed  value  using  the 
following  equation: 


where: 


aN  + b 


7C-  BA 
7D  - A2 


B - aA 


TABLE  I 


Qx  A Qb  for  N 


= Rated  Speed 


Qy  A Q for  N 


Rated  Speed,  and 


Inlet  Pressure 


Atmospheric  - 25.4  cm  Hg 


Speed 

N 

(RPM) 


Flow  Rate 

Q 

(LPM) 


N x Q N2  Fit  I IQ  - QB 


E=  B 2=  C Z=  D 
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Fig.  1 . Fluid  Power  Test  System  for  OSU-PC-2. 
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METHOD  FOR  ESTABLISHING  THE  DURABILITY  OF  A 
PRESSURE  COMPENSATED  HYDRAULIC  FLUID  POWER  PUMP 

1.  SCOPE  To  provide  a method  for  determining  the  durability  of  a pressure  compensated 
hydraulic  fluid  power  pump. 

2.  PURPOSE  To  verify  the  ability  of  a pump  to  perform  satisfactorily  during  a specified 
period  of  time  when  subjected  to  both  cyclic  and  constant  discharge  pressures  at  speci- 
fied conditions  of  temperature,  shaft  speed,  and  system  fluid. 

3.  DEFINITION 

3. 1 Pump  Durability  The  ability  of  a pump  to  endure  specified  operating  conditions  for 
an  extended  period  of  time. 

4.  EQUIPMENT 

4.1  Fluid  Power  Test  System  (See  attached  figure.) 

4.2  Control  Filter  Shall  limit  the  contamination  level  in  the  system  fluid  to  less  than 
1 0 mg/litre. 

4.3  Pressure,  temperature,  shaft  speed,  and  flow  rate  measurements  shall  be  accurate 
within  two  percent. 

4.4  Fluid  Manufacturer’s  recommended  fluid. 

4.5  Rated  Pressure  Specified  by  manufacturer. 

5.  PROCEDURE 

5. 1 Install  the  pump  in  the  test  system  and  operate  under  the  following  conditions  for 

500.000  cycles: 

(a)  Speed:  Manufacturer’s  Rated  Speed  +0%/-20% 

(o)  Inlet  Oil  Temperature:  Manufacturer’s  Recommended  Temperature 

(c)  Inlet  Pressure:  Atmospheric  + 25  mm  Hg. 

(d)  Pressure  Range:  From  5 to  100%  of  Rated  Standby  or  Zero  Flow  Pressure 

(Transient  pressure  peak  shall  not  exceed  130%  of  rated  standby  pressure.) 

(e)  Endurance  Cycle  Conditions:  60  Cycles/Minute  (one-half  second  at  a pressure 
of  at  least  100%  of  rated  and  0.2  seconds  at  5%  of  rated  pressure  - rate  of 
pressure  rise  shall  not  exceed  1 1 kbar/second). 
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Subject  the  pump  to  a constant  pressure  test  under  the  following  conditions: 

(a)  Speed:  Manufacturer’s  Rated  Speed  +0%/-20% 

(b)  Inlet  Oil  Temperature:  Manufacturer’s  Recommended  Temperature 

(c)  Duration  Test  Time  = 50  Hours  / (1  — 100  x % Deviation  from  Rated  Speed) 

(d)  Inlet  Pressure:  Atmospheric  + 25  mm  Hg 

(e)  Discharge  Pressure:  75%  Rated,  Continuous 

(Inlet  oil  throughout  the  endurance  test  must  be  visually  free  of  entrained  air. 
Inspection  for  entrained  air  shall  be  accomplished  visually  by  means  of  a sight 
glass  in  the  inlet  line.) 

Record  any  evidence  of  external  leakage  and  measure  external  shaft  leakage. 


TEMPERATURE 
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Draft  No.  I 
16  February  1976 


METHOD  FOR  EVALUATING  THE  LOW  SPEED  AND  HIGH  SPEED  PERFORMANCE 
OF  A PRESSURE  COMPENSATED,  HYDRAULIC  FLUID  POWER  PUMP 


1.  SCOPE  To  provide  a method  for  determining  the  ability  of  a pressure  compensated, 
hydraulic  fluid  power  pump  to  survive  under  low  and  liigh  speed  operation. 

2.  PURPOSE  To  verify  the  ability  of  a pump  to  withstand  both  overspeed  and  under- 
speed operation  and  perform  satisfactorily  at  specified  conditions  of  temperature, 
discharge  pressure,  and  system  fluid. 

3.  EQUIPMENT 

3.1  Fluid  Power  Test  System  (See  attached  figure.) 

3.2  Fluid  Per  manufacturer’s  recommendation. 

3.3  Control  Filter  Shall  limit  the  contamination  level  in  the  system  fluid  to  less  than 
1 0 mg/litre. 

3.4  Pressure,  shaft  speed,  and  temperature  measurements  shall  be  accurate  within  2%. 

4.  PROCEDURE 

4.1  Operate  the  pump  for  one  minute  at  600  RPM  and  for  30  minutes  at  110%  of  rated 
speed  under  the  following  conditions: 

(a)  Discharge  Pressure:  75%  Rated  Standby  or  Zero  Flow  Pressure  as  Specified  by 
the  Manufacturer 

(b)  Inlet  Pressure:  Atmospheric  + 25  mm  Hg 

(c)  Inlet  Oil  Temperature:  As  Recommended  by  Pump  Manufacturer 

4.2  Record  the  following: 

(a)  Pump  Speed  Versus  Time 

(b)  Discharge  Pressure  Versus  Time 

(c)  Any  Evidence  of  External  Leakage 
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METHOD  FOR  EVALUATING  THE  LOW  TEMPERATURE  PERFORMANCE 
OF  A PRESSURE  COMPENSATED,  HYDRAULIC  FLUID  POWER  PUMP 

1.  SCOPE  To  provide  a method  for  determining  the  ability  of  a pressure  compensated, 
hydraulic  fluid  power  pump  to  survive  under  low  temperature  conditions. 

2.  PURPOSE  To  verify  the  ability  of  a pump  to  withstand  low  temperature  operation 
and  perform  satisfactorily  at  specified  conditions  of  speed,  discharge  pressure,  and 
system  fluid. 

3.  EQUIPMENT 

3.1  Cold  room  capable  of  maintaining  an  air  temperature  of  -30° C. 

3.2  Fluid  power  test  circuit  as  shown  in  Fig.  1. 

3.3  Control  filter  shall  limit  the  contamination  level  in  the  system  fluid  to  less  than 
10  mg/litre. 

3.4  Pressure,  shaft  speed,  and  temperature  measurements  shall  be  accurate  within  2%. 

4.  PROCEDURE 

4. 1 Install  the  pump  in  the  test  system. 

4.2  Adjust  the  total  system  volume  (litres)  to  be  numerically  equal  to  one-half  the  pump 
delivery  rate  (litres/minute)  at  maximum  steady-state  speed. 

4.3  Use  manufacturer’s  recommended  fluid. 

4.4  Circulate  system  fluid  t tiro  ugh  “ clean-up ” filter  for  15  minutes. 

4.5  Bypass  “clean-up”  filter. 

4.6  Lower  the  temperature  of  the  pump  and  hydraulic  system  to  -30° C and  maintain 
this  temperature  for  a period  of  at  least  12  hours. 


VI 1-69 


4.7  Operate  the  pump  in  accordance  with  the  temperature  schedule  given  in  Fig.  2. 
The  inlet  pressure  of  the  pump  shall  not  be  less  than  the  pressure  specified  by  the 
manufacturer.  Note  that  the  test  parameter  which  dictates  changes  in  speed  and 
pressure  is  inlet  temperature  (T^. 

4.8  Terminate  the  test  when  the  inlet  temperature  reaches  -1 5°C. 


5.  PRESENTATION  OF  RESULTS 

5.1  Record  pressure  versus  time. 

5.2  Record  temperature  versus  time. 

5.3  Record  pump  speed  versus  time. 

5.4  Record  total  shaft  seal  leakage  in  millilitres. 

5.5  Report  any  evidence  of  external  leakage  occuring  other  than  shaft  seal  leakage. 
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Fig.  2.  Pump  Speed.  Pressure  Schedule,  OSU-PC-6. 
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METHOD  OF  ESTABLISHING  THE  CONTAMINANT  SENSITIVITY 
OF  A PRESSURE  COMPENSATED  HYDRAULIC  FLUID  POWER  PUMP 


1.  INTRODUCTION 

1.1  General  The  useful  life  of  a hydraulic  pump  is  directly  related  to  its  assembled  configuration, 
fabrication  materials,  hydrauhc  fluid,  and  its  operating  conditions. 

The  life  of  a pressure  compensated  pump  is  considered  to  be  terminated  when  it  can  no  longer 
deliver  a specified  flow  rate  at  a given  shaft  speed,  discharge  pressure,  and  fluid  condition  or 
when  the  standby  pressure  decreases  below  a specified  level. 

A pump  may  reach  a terminal  state  due  to  catastrophic  (mechanical  interference  or  material 
overstress)  failure  or  by  the  cumulative  effect  of  wear  processes. 

The  rate  of  wear  within  hydraulic  pumps  is  proportional  to  the  contamination  level  of  the 
hydraulic  fluid  exposed  to  the  internal  surfaces  of  the  pump. 

Any  wearing  away  of  the  surfaces  which  form  the  critical  clearance  spaces  (leakage  paths)  of 
a hydraulic  pump  will  be  accompanied  by  a measurable  degradation  in  its  delivered  flow  rate. 

Any  critical  wear  associated  with  the  compensating  mechanism  can  be  measured  by  a change 
in  the  standby  or  zero  flow  pressure. 

The  fabrication  materials  together  with  the  characteristic  size  and  shape  of  critical  clearance 
spaces  within  a pump  uniquely  establish  a contaminant  sensitivity  for  a given  operating  condi- 
tion. 

Based  upon  the  above  considerations,  pressure  and  flow  degradation  ratios  are  plotted  for 
comparison  of  the  contaminant  sensitivity  of  hydraulic  pumps  at  the  same  reference  operafing 
conditions. 

1.2  Scope  This  method  establishes  a procedure  for  evaluating  the  contaminant  sensitivity  of 
a hydraulic  pressure  compensated  pump  to  abrasive  contaminant. 

The  flow  rate  and  standby  pressure  at  specified  operating  conditions  arc  used  as  the  perform- 
ance parameters.  Pump  failure  by  processes  other  than  surface  wear  is  not  considered  in  this 
procedure. 


1 .3  Purpose  It  is  the  purpose  of  this  method  to  provide  a reliable,  economical,  and  accelerated 
test  procedure  for  appraising  the  contaminant  sensitivity  of  hydraulic  pressure  compensated 
pumps. 

1.4  Outline  of  Method  Flow  rate  and  standby  pressure  are  recorded  as  the  pump  is  operated 
at  rated  conditions  after  being  subjected  to  specific  contaminant  size  ranges.  A constant 
gravimetric  level  of  300  mg/litre  is  used  for  all  particle  size  ranges.  The  size  ranges  used  in 
this  procedure  are  from  zero  to  5,  10,  20,  30,  40,  50,  60,  70,  and  80  micrometres.  Based 
upon  the  test  results,  degradation  characteristics  of  the  pump  can  be  established. 


2.  DEFINITIONS 

2. 1 Contaminant  Sensitivity  The  sensitivity  of  a hydraulic  component  to  the  presence  of 
contaminant. 

2.2  Flow  Degradation  Ratio  The  ratio  of  the  flow  after  contaminant  exposure  to  the  initial 
measured  flow  (Qt). 

2.3  Pressure  Degradation  Ratio  The  ratio  of  the  standby  pressure  after  contaminant  exposure 
to  the  initial  measured  standby  pressure  (P  ). 


3.  EQUIPMENT  AND  SUPPLIES 

3. 1 Hydraulic  test  circuit  as  illustrated  in  Fig.  1. 


INJECTION  CHAMBER 


Fig.  1.  Hydraulic  Test  Circuit  Schematic. 


3.2  Facility  for  measuring  the  gravimetric  level  of  a fluid. 

3.3  Supply  of  classified  AC  Fine  Test  Dust. 

3.4  Supply  of  clean  fluid  sample  bottles  with  an  RCL  below  10  particles  per  millilitre. 

3.5  Supply  of  clean  slurry  injection  bottles. 

3.6  Test  fluid  recommended  by  pump  manufacturer. 

4.  TEST  FACILITY  REQUIREMENTS 

4.1  The  test  system  illustrated  in  Fig.  1 shall  be  comprised  of  a reservoir,  injection  system  heat 
exchanger,  flowmeter,  pressure  gages,  temperature  indicator,  control  filter,  test  pump,  pump 
drive,  hydraulic  fluid,  and  load  valve. 

4.2  The  reservoir  shall  be  constructed  with  a conical  bottom  displaying  a projected  angle  of  not 
more  than  90°.  The  oil  entering  the  reservoir  shall  be  diffused  below  the  surface  of  the  oil. 
Provisions  should  be  made  to  pressure  the  reservoir. 

4.3  The  injection  chamber  shall  be  constructed  as  shown  in  Fig.  1.  The  volume  of  the  chamber 
should  be  approximately  500  ml,  and  the  ratio  L/D  shall  be  10.  The  included  angle  at  the 
bottom  of  the  chamber  shall  be  less  than  90°. 

4.4  The  heat  exchanger  shall  be  either  a one-  or  two-pass  unit  and  shall  be  mounted  vertically 
with  the  oil  entering  from  the  bottom.  Oil  shall  be  circulated  through  the  tube  side  and  the 
water  through  the  shell  side. 

4.5  The  flowmeter  should  be  insensitive  to  contaminant. 

4.6  Flow,  pressure,  temperature,  and  speed  measurements  shall  be  accurate  within  two  percent 
of  the  desired  values. 

4.7  The  control  filter  shall  be  capable  of  providing  a contaminant  background  of  less  than  10 
mg/litre. 

4.8  The  test  pump  shall  be  operated  at  manufacturer’s  recommended  speed,  inlet  pressure,  and 
inlet  temperature. 

4.9  The  test  system  shall  not  exhibit  the  presence  of  entrained  air. 

4. 10  The  lines  connecting  the  hydraulic  components  shall  be  sized  such  that  turbulent  mixing 
exists  throughout.  Precaution  shall  be  taken  to  insure  against  contaminant  traps,  silting  areas, 
and  combinations  of  cyclonic  separation  zones  and  quiescent  chambers. 


5.  SYSTEM  VERIFICATION 

5. 1 Install  a pump  which  is  known  to  be  relatively  insensitive  to  contamination  in  the  test  circuit. 

5.2  Adjust  the  system  volume  (exclusive  of  the  filter  system)  so  that  it  is  numerically  equal  to 
one-fourth  (+  10%)  of  the  lowest  volume  flow  rate  (per  minute)  to  be  used  for  testing. 

5.3  Circulate  through  the  filtering  system  until  the  contaminant  background  is  less  than  10 
mg/litre. 

5.4  Bypass  the  filter  system. 

5.5  Add  a quantity  of  AC  Fine  Test  Dust  to  the  system  to  bring  the  contamination  level  to  300 
mg/litre.  The  contaminant  should  be  injected  in  the  form  of  a well-mixed  slurry  to  prevent 
agglomeration  of  the  particles. 

5.6  Operate  the  system  at  the  minimum  flow  rate  to  be  used  for  testing. 

5.7  Extract  a fluid  sample  at  1 5-minute  intervals  from  the  system. 

5.8  Repeat  5.6  and  5.7  until  four  samples  are  obtained.  The  system  should  be  run  continuously 
during  this  period. 

5.9  Measure  the  gravimetric  level  of  each  sample. 

5.10  Circulate  through  the  filter  until  the  contaminant  background  is  less  than  10  mg/litre. 

5. 1 1 Compute  the  average  of  the  four  gravimetric  levels  obtained  in  5.9.  The  system  is  qualified 
for  testing  if  none  of  the  levels  differs  from  the  average  level  by  more  than  10%  and  the 
average  level  is  300  mg/litre  + 1 5 mg/litre. 

6.  PRELIMINARY  PREPARATION 

6. 1 Install  test  pump  in  the  circuit. 

6.2  Operate  the  pump  at  rated  conditions  of  speed  and  temperature  with  the  filter  system  in 
the  circuit.  Use  the  following  schedule  for  pump  operating  pressure:  15  minutes  at  25% 
standby  pressure,  15  minutes  at  50%  standby  pressure,  and  15  minutes  at  75%  standby 

pressure. 

6.3  Measure  the  How  rate  at  67%  standby  pressure. 

6.4  Increase  the  pressure  until  the  flow  equals  one-half  the  flow  rate  at  67%  standby  pressure 
and  operate  for  60  minutes. 


6.5  Block  the  outlet  of  pump  and  record  initial  standby  pressure  (Pt). 

6.6  Reduce  the  pressure  to  67%  of  Pr  and  record  the  initial  flow  (Qt). 

6.7  Adjust  the  system  volume  (exclusive  of  the  filter  system)  so  that  it  is  numerically  equal 
to  one-fourth  (+  10%)  of  the  initial  flow  rate  (per  minute)(Qr). 

7.  CONTAMINANT  SENSITIVITY  TEST 

7.1  Determine  the  quantity  of  contaminant  (g()  required  for  each  injection  according  to  the 
following  expression:  gj  (grams)  = 0.3  x (Volume  of  System  in  Litres).  NOTE:  The 
gravimetric  level  of  the  system  will  be  300  mg/litre  for  each  size  range. 

7.2  Prepare  a slurry  containing  g.  grams  of  contaminant  of  each  of  the  following  size  ranges: 
0-5,  0-10,  0-20,  0-30,  0-40,  0-50,  0-60,  0-70,  and  0-80  micrometres. 

7.3  Operate  the  test  pump  at  rated  conditions. 

7.4  Adjust  pressure  to  achieve  a flow  rate  of  0.5  Qr  + 10%. 

7.5  Bypass  the  filter  system. 

7.6  Inject  the  0-5  micrometre  slurry. 

7.7  Continue  operating  at  the  specified  flow  rate  for  30  minutes. 

7.8  Reduce  the  pressure  to  0.67  Pr  + 1%. 

7.9  Circulate  through  the  filter  system  until  the  contaminant  background  is  less  than  10 
mg/litre. 

7. 10  Record  the  final  flow  rate  with  the  pump  operating  as  in  7.8. 

7.1 1 Block  outlet  of  pump  and  record  the  final  standby  pressure. 

7.12  If  the  final  flow  rate  of  Step  7.10  has  decreased  to  less  than  70%  of  the  initial  value  Qt 
or  the  final  standby  pressure  of  Step  7.1 1 has  changed  by  more  than  + 30%  from  the 
initial  standby  pressure  Pr,  proceed  directly  to  Step  8. 

7.1 3 Repeat  Steps  7.4  through  7.12  using  0-10,  0-20,  0-30,  0-40,  0-50,  0-60,  0-70,  0-80 
micrometre  contaminant  in  progressively  increasing  sizes. 

8.  PRESENTATION  OF  TEST  RESULTS 

8.1  Record  pump  identification,  operating  conditions,  and  test  data  as  shown  in  Table  1. 


8. 2 Calculate  t he  flow  degradation  ratio  for  each  irgection  by  dividing  the  final  flow  rate  from  7. 1 0 by  the 
initial  flow  rate  from  &6.  Record  in  fable  1 to  three  decimal  places. 

8.3  Calculate  the  pressure  degradation  ratio  for  each  injection  by  dividing  the  final  standby 
pressure  from  7.11  by  the  initial  standby  pressure  from  6.5.  Record  in  Table  1 to  3 decimal  places. 

8.4  Plot  the  flow  degradation  ratios  calculated  in  8.2  on  linear  coordinates  versus  the  respective 
maximum  particle  size  for  each  injection. 

8.5  Plot  the  pressure  degradation  ratios  calculated  in  8.3  on  linear  coordinates  versus  the 
respective  maximum  particle  size  for  each  injection. 
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(PROPOSED) 

COMPONENT  PERFORMANCE  SPECIFICATION 
PUMPS,  HYDRAULIC  FLUID.  PRESSURE  COMPENSATED,  PISTON 

210  BAR  SERVICE 


1.0  SCOPE 

1.1  Definition  A 210  bar  rated,  pressure  compensated  hydraulic  pump  is  defined  as  one 
capable  of  operating  adequately  in  a fluid  system  designed  for  variable  flow  operation 
and  a maximum  pressure  of  210  bar. 

1.2  Inclusion  This  specification  includes  those  aspects  of  a 210  bar  rated,  pressure 
compensated,  hydraulic  fluid  power  pump  which  are  concerned  with  its  environment 
and  operation.  Maximum  rated  speed  of  the  pump  is  established  by  the  pump  manufac- 
turer. The  system  fluid  conforms  to  Mil-L-2104B,  Class  10,  or  Mil-H0295. 

2.0  PURPOSE 

2. 1 Requirements  This  specification  establishes  the  specific  requirements  of  the  pump 
with  regard  to:  (1)  environmental  conditions,  (2)  operation,  and  (3)  test  sequence. 

2.2  Test  Procedures  This  specification  requires  the  use  of  test  procedures  developed  by 
Oklahoma  State  University  under  the  sponsorship  of  the  U.S.  Army  MERADCOM, 
which  are  cited  in  each  requirement. 

2.3  Test  Conditions  Unless  otherwise  specified,  the  test  conditions  shall  be : 

RATED  STANDBY  PRESSURE:  210  Bar  FLUID:  MU-U2104B,  Class  10 

INLET  PRESSURE:  Atmospheric  + 25  mm  Hg 

INLET  TEMPERATURE:  50°C 

RATED  SPEED:  Per  manufacturer’s  recommendation  (as  established  by  3.2.2  of  this  specification) 


REQUIREMENTS 


3.0 

3.1  Environmental  Conditions  The  pump  shall  be  constructed  to  operate  throughout 
the  entire  range  of  environmental  conditions  specified  herein. 

3.1.1  Temperature  The  pump  shall  be  subjected  to  the  Low  Temperature  Test  per  the 
OSU-PC-6  Standard  Test  Procedure.  Inability  of  the  pump  to  rotate  without  damage, 
inability  of  the  pump  to  develop  157.5  bar  under  the  specified  conditions  or  to 
exhibit  external  leakage  exceeding  three  drops  per  hour  shall  constitute  failure  of  the 
pump.  The  fluid  for  this  test  shall  be  Mil-L-10295,  and  the  inlet  pressure  shall  be  not 
less  than  25  cm  Hg. 

3. 1 .2  Contamination  Level  The  pump  shall  be  subjected  to  the  Contaminant  Tolerance 
Test  per  OSU-PC-7  Standard  Test  Procedure.  The  resulting  flow  and  pressure  degrada- 
tion must  be  within  the  limits  specified  in  Figs.  1 and  2 respectively. 

3.2  Operation 

3.2.1  Proof  Pressure  The  pump  shall  be  subjected  to  the  OSU-PC-1  Standard  Test 
Procedure.  Evidence  of  external  leakage  in  the  form  of  drops  from  the  shaft  seal 
or  wetting  of  external  surfaces  shall  be  cause  for  rejection  of  the  pump. 

3.2.2  Filling  Characteristics  The  pump  shall  be  subjected  to  the  OSU-PC-2  Standard  Test 
Procedure.  For  each  test  speed  (N),  the  following  relation  shall  hold:  AQ  < 0.03Q. 

In  addition,  the  pump  shall  satisfy  the  following  relation  at  rated  speed:  Q > 0.95 

Q,- 

3.2.3  Steady  State  and  Dynamic  Performance  The  pump  shall  be  subjected  to  the  OSU- 
PC-3  and  OSU-PC-8  Standard  Test  Procedures.  The  pump  shall  exhibit  an  overall 
efficiency  of  at  least  77%  over  the  indicated  pressure  range.  Additional  requirements 
to  be  established  when  PC-3  and  PC-8  are  completed. 

3.2.4  Endurance  The  pump  shall  be  subjected  to  OSU-PC-4  Standard  Test  Procedure. 
Malfunction  prior  to  completion  of  this  test  or  evidence  of  external  leakage  exceeding 
three  drops  per  hour  shall  constitute  failure  of  the  pump. 

3.2.5  Speed  Performance  The  pump  shall  be  subjected  to  OSU-PC-5  Standard  Test 
Procedure.  Inability  of  the  pump  *o  develop  1 57.5  bar  or  evidence  of  external 
leakage  exceeding  three  drops  per  hour  shall  be  cause  for  rejection  of  the  pump. 

3.2.6  Final  Efficiency  The  pump  shall  be  subjected  to  OSU-PC-3  Standard  Test  Procedure. 
The  pump  shall  exhibit  an  overall  efficiency  of  at  least  73%  over  the  indicated  pressure 
range.  Additionally,  the  flow  rate  of  the  pump  shall  not  have  decreased  more  than  10% 
from  the  flow  rates  given  by  the  initial  efficiency  test  (3.2.3). 
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3.3 


Test  Sequence  Two  pumps  are  required  for  the  tests  covered  by  this  specification. 
One  pump  shall  be  subjected  to  the  following  test  sequence: 


(a)  Proof  Pressure  Test  Per  OSU-PC-1 

(b)  Filling  Characteristics  Test  Per  OSU-PC-2 

(c)  Contaminant  Tolerance  Test  PerOSU-PC-7 

The  second  pump  shall  be  tested  in  the  following  sequence: 

(a)  Steady-State  & Dynamic  Performance  Per  OSU-PC-3  and  OSU-PC-8 

(b)  Endurance  Test  Per  OSU-PC-4 

(c)  Performance  Test  Per  OSU-PC-5 

(d)  Low  Temperature  Test  Per  OSU-PC-6 

(e)  Final  Efficiency  Test  Per  OSU-PC-3 


Fig.  1.  Flow  Degradation  Specification  Limits. 


